University of Memphis

University of Memphis Digital Commons
Electronic Theses and Dissertations
7-11-2016

Comparing Two Empirical Methods for Determining Reliable
Cognitive and Symptom Change: An Application in Youth,
Adolescent, and Young Adult Athletes
Amanda Michelle Rach

Follow this and additional works at: https://digitalcommons.memphis.edu/etd

Recommended Citation
Rach, Amanda Michelle, "Comparing Two Empirical Methods for Determining Reliable Cognitive and
Symptom Change: An Application in Youth, Adolescent, and Young Adult Athletes" (2016). Electronic
Theses and Dissertations. 1445.
https://digitalcommons.memphis.edu/etd/1445

This Dissertation is brought to you for free and open access by University of Memphis Digital Commons. It has
been accepted for inclusion in Electronic Theses and Dissertations by an authorized administrator of University of
Memphis Digital Commons. For more information, please contact khggerty@memphis.edu.

COMPARING TWO EMPIRICAL METHODS FOR DETERMINING RELIABLE
COGNITIVE AND SYMPTOM CHANGE: AN APPLICATION IN YOUTH, ADOLESCENT,
AND YOUNG ADULT ATHLETES
by
Amanda M. Rach, M.S.

A Dissertation
Submitted in Partial Fulfillment of the
Requirements for the Degree of
Doctor of Philosophy

Major: Psychology

The University of Memphis
December 2016

Acknowledgements
I wish to express my sincere gratitude to several people who provided their love, support,
and patience along the way. In no particular order, my parents, brother, grandparents, and friends
from home who sent their encouragement from a distance, my graduate school friends who were
always there to sympathize with, and my partner whose affection and patience never wavered
during the most difficult times. I would also like to thank my advisor, Dr. Andrasik for his help
and direction throughout my five years of graduate work. A number of people helped me get to
this point and I will never forget the time and sacrifice that you all put in to me that allowed me
to make it this far.

ii

Abstract
Rach, Amanda. M. Ph.D. The University of Memphis. December 2016. Comparing two
empirical methods for determining reliable cognitive and symptom change: An application in
youth, adolescent, and young adult athletes. Frank Andrasik, Ph.D.
An increased understanding of the cognitive effects following a sports-related concussion has led
to improved concussion management and return-to-learn/-to-play guidelines over the last decade.
The majority of sports-related concussion research has examined group level differences;
however, this methodology does not provide the information necessary to inform individualized
treatment plans. The current study was conducted to help bridge the gap between the research
literature and clinical management of concussed athletes by using within-individual statistical
techniques to document normal variability in cognitive functioning from pre- to post-season in
athletes at different ages. We found that participation in a season of both low and high contact
sports was not associated with cognitive deterioration. We did find that uninjured athletes with a
pre-existing diagnosis of attention-deficit hyperactivity disorder, learning disorder, or a history
of two or more sports-related concussion were more likely than healthy, control athletes to
display reliable change over the course of the season in individual cognitive domains. However,
once empirical methods for defining meaningful cognitive change were applied the athletes with
a pre-existing neurologic condition did not meet criteria for cognitive change. We also found that
athletes who experienced a sports-related concussion and who had a pre-existing diagnosis of
either attention-deficit hyperactivity disorder or two or more previous sports related concussions
reported more concussion symptoms and required a longer time before they could be returned to
play.
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Comparing two empirical methods for determining reliable cognitive and symptom change: An
application in youth, adolescent, and young adult athletes.
The Epidemiology and Definition of Sports-Related Concussions (SRC)
An estimated 1.6-3.8 million sports-related concussions (SRC) occur in the United States
annually (Langlois, Rutland-Brown, & Wald, 2006). The incidence rate of a SRC is
31.5/100,000 (Selassie et al., 2013); however, the SRC rate for children is 61.0/100,000, and the
rate for adolescents is 120.6/100,000, both significantly greater than the overall incidence rate
(Selassie et al., 2013). In 12-18 year olds a SRC is the most frequent cause of a traumatic brain
injury and 10-14 year olds have the highest rate of emergency room visits due to a SRC
(Belanger & Vanderploeg, 2005; Selassie et al., 2013). With 30-45 million children and
adolescents participating in organized youth sports each year (Gioia, Schneider, Vaughan, &
Isquith, 2009), these numbers suggest that the bulk of SRC injuries are experienced by pediatric
and adolescent athletes.
Although recognition and reporting of SRC injuries has increased in the last 20 years, the
lack of trained medical personnel at youth sporting events impacts whether a concussive injury is
identified and whether medical attention is sought by the child and their parents/guardians (Kaut,
DePompei, Kerr, & Congeni, 2003; McCrea, Hammeke, Olsen, Leo, & Guskiewicz, 2004;
Williamson & Goodman, 2006). Failing to recognize the signs and symptoms of a SRC and to
seek appropriate medical attention is of great concern given that children experiencing their first
concussion at a younger age have a larger window for subsequent concussive injuries during the
formative years than an athlete who does not sustain their first concussion until college
(Guskiewicz & Valovich McLeod, 2011). The majority of SRC research has focused on high
school, collegiate, and professional athletes with much less attention paid to pre-high-school or
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“youth” athletes- those between the ages of 12-14 years or pediatric athletes- those aged <12
years (Karlin, 2011; Kirkwood, Randolph, & Owen Yeates, 2009). Thus, it seems extremely
important for SRC research to include participants across the age spectrum, particularly athletes
in the youngest age groups.
When compared to other contact sports, football is associated with the highest rates of
SRC. By college, 34% of football players report one previous concussive injury and an
additional 20% report multiple past concussions (Collins et al., 1999). Rates of SRC in noncontact sports, particularly in soccer and cheerleading, are also rising due to increasing
popularity and higher-risk stunts in cheerleading (Daneshvar, Nowinski, McKee, & Cantu,
2011). Thus, SRC research should include participants from contact and non-contact sports to
enhance the generalizability of study findings.
Concussion and mild traumatic brain injury (mTBI) are terms that are frequently used
interchangeably. Concussion is the historical term representing low-velocity injuries that cause
brain “shaking” resulting in clinical symptoms that are not necessarily related to a pathological
injury, making a concussion a subset of TBI (McCrory et al., 2013). A SRC is a heterogeneous
injury (Daneshvar et al., 2011) that results in the rapid onset of short-lived neurological
impairment in one or more domain(s): physical signs and symptoms (e.g., somatic, balance
disturbance); behavior (e.g., irritability, increased emotional); cognition (e.g., slowed reaction
time and processing speed); and/or sleep (e.g., insomnia), secondary to exposure to a traumatic
biomechanical force (Aubry et al., 2002; Centers for Disease Control and Prevention;
Echemendia et al., 2012). In sport, the biomechanical impact typically occurs via collision with
another player, the physical playing field (e.g., a goal post), or a piece of equipment (e.g.,
heading a soccer ball).
2

The Physical and Neuropsychological Deficits Following a Sports-Related Concussion and
Time to Recover
Numerous biomechanical and neurologic differences between children and adults have
been suggested to account for children’s slower recovery time following a SRC. First, due to a
smaller brain size, the impact force required to produce concussion symptomatology in children
is significantly greater than what is required for adults (Munoz-Sanchez et al., 2005; Ommaya,
Goldsmith, & Thibault, 2002). Therefore, a youth who is exhibiting clinical symptoms after a
head injury has likely sustained a far greater impact force than an adult who is exhibiting a
similar degree of post-concussive symptomatology (McCrory, Collie, Anderson, & Davis, 2004).
Second, the immature cervical musculature that supports a child’s head makes youth less able to
transfer the impact of the hit away from their head to their core musculature and through the
body, resulting in more of the force being absorbed by their brain (Guskiewicz & Valovich
McLeod, 2011; Karlin, 2011). Third, the skull of a child is relatively thin (Guskiewicz &
Valovich McLeod, 2011; Karlin, 2011), and the incomplete myelination associated with a
developing brain both increase youths’ vulnerability to head trauma (Davis & Purcell, 2014).
Finally, the acute metabolic dysfunction following a SRC may interfere with the intricate
neurobiological sequence of events necessary for normal development (Ewing-Cobbs, Barnes, &
Fletcher, 2003; Giza & Hovda, 2001; Taylor & Alden, 1997).
Despite these biomechanical differences, the cognitive domains affected by a concussive
injury are the same in children and adults. Immediately following the injury athletes demonstrate
impaired orientation and memory abilities when assessed with brief sideline assessment tools
(McCrory et al., 2013), and in the days to weeks after the injury athletes demonstrate deficits in
one or more cognitive domain(s) when assessed with neurocognitive tests. The domains most
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frequently affected include: learning and memory, attention, processing speed, reaction time, and
executive functioning (Anderson, Catroppa, Morse, Haritou, & Rosenfeld, 2001; Belanger &
Vanderploeg, 2005; Collie, Darby, & Maruff, 2001; Echemendia & Julian, 2001; Macciocchi,
Barth, Alves, Rimel, & Jane, 1996; McCrea, Kelly, Randolph, Cisler, & Berger, 2002).
Preadolescent and adolescent athletes experience greater disturbances in their social
relationships and daily functioning than adult athletes (Genuardi & King, 1995; McCrory et al.,
2004). First, the child athlete’s evolving friendships and sense of team involvement may decline
while they remain out of school and sport participation during the recovery period. Second,
youth athletes are expected to acquire new information and skills, especially during school
months (Davis & Purcell, 2014; Kirkwood et al., 2009). The cognitive domains affected by a
SRC are critical for focusing and sustaining attention, rapidly processing information, acquiring
new knowledge, and holding information in mind while generating a response (Fay et al., 1993;
McCrory et al., 2004; Mittenberg, Wittner, & Miller, 1997). Thus, a SRC injury may be
associated with adverse effects on peer relations and learning in the developing youth and
adolescent athlete (Guskiewicz et al., 2004; Kirkwood et al., 2009; Meehan & Bachur, 2009),
making the return-to-learn/play decision even more critical for younger athletes.
Transient physical symptoms and cognitive decline are the hallmark indicators of a SRC.
For most athletes, the cognitive impairment resolves concurrently with the resolution of physical
symptoms or within 3-4 days after the physical symptoms subside (Barth et al., 1989; Field,
Collins, Lovell, & Maroon, 2003; Lovell, Collins, & Bradley, 2004; Macciocchi et al., 1996;
Makdissi et al., 2001; Makdissi et al., 2010b). However, there is a negative correlation between
an athlete’s age at injury and the length of time until complete recovery is achieved (Field et al.,
2003; Moser & Schatz, 2002; Sim, Terryberry-Spohr, & Wilson, 2008). In athletes without any
4

known risk-factors for a poor outcome, cognitive functioning returns to baseline after 10-14 days
in high school athletes, in 5-7 days in collegiate athletes, and in only 3-5 days in professional
athletes (Field et al., 2003; Grady, 2010; Kirkwood et al., 2009; McCrea et al., 2003). These
findings suggest that youth athletes are expected to require a minimum of 14 days to achieve
recovery and those younger athletes will require even more time. To date no studies have tracked
the time to recovery for pediatric or youth athletes; however, this area is clearly in need of
investigation.
Sports-Related Concussion Cognitive Impairment Modifiers
Researchers have identified numerous factors that place an athlete at risk for extended or
poor recovery from a SRC. The 3rd and 4th editions of the Consensus Statement on Concussion in
Sport (McCrory et al., 2009, 2013) discuss these modifying factors and their importance in the
proper management of SRC. The factors include characteristics of the concussive injury (e.g.,
loss of consciousness, amnesia) and premorbidities/comorbidities (e.g., a mental health disorder,
attention-deficit hyperactivity disorder (ADHD), learning disorder (LD), a history of two or more
previous SRC injuries) (McCrory et al., 2013). Research indicates that the premorbid/comorbid
factors are associated with both increased variability in baseline cognitive testing performance
and greater post-injury cognitive impairment (Bailey, Samples, Broshek, Freeman, & Barth,
2010; Centers for Disease Control and Prevention, 2013; Collins, Field, & Lovell, 2003; Collins
et al., 1999; Kutcher & Eckner, 2010; Lau, Lovell, Collins, & Pardini, 2009; Mihalik et al.,
2005).What is not currently understood is how the increased variability caused by these
premorbid/comorbid factors influence reliable cognitive change results and return-to-play
decisions. We elected to focus our investigation on two premorbid/comorbid factors: presence of
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attention-deficit hyperactivity disorder/Learning Disorder and a history of two or more previous
SRC.
Attention Deficit Hyperactivity Disorder (ADHD)
Attention-deficit hyperactivity disorder (ADHD) is a childhood onset, persistent
neurodevelopmental disorder characterized by a combination of abnormal levels of
hyperactivity, inattention, impulsivity, and risk-taking behaviors (Biederman et al., 2015;
Penttilä, Rintahaka, & Kaltiala-Heino, 2010). Researchers hypothesize that the elevated levels of
hyperactivity and impulsivity contribute to a riskier approach to sport participation, causing a
pre-morbid diagnosis of ADHD to act an antecedent risk factor for a SRC (Alosco, Fedor, &
Gunstad, 2014; Biederman et al., 2015). This hypothesis is supported by data that revealed that
50% of NCAA division 1 student-athletes with ADHD had a history of at least one SRC
whereas, only 14% of athletes without ADHD reported a history of SRC (Alosco et al., 2014).
Across other studies, the percentage of athletes with a pre-existing diagnosis of ADHD who also
experienced a SRC ranged from 4% - 50% (Biederman et al., 2015; Nelson, LaRoche et al.,
2016). Further, the inattentive and combined subtypes of ADHD have been linked to poorer fine
motor and gross motor movements, which could increase risk for injury (Piek, Pitcher, & Hay,
1999).
Individuals with ADHD commonly demonstrate cognitive deficits in the domains of
executive functioning, verbal memory, visual memory, working memory, and sustained attention
(Brown, 2008; Gropper & Tannock, 2009; Solomon & Haase, 2008; Vaurio, Simmonds, &
Mostofsky, 2009), as well as increased response time variability (Hervey et al., 2006; Johnson et
al., 2007; Tamm et al., 2012; Vaurio et al., 2009). These findings are particularly notable because
reaction time, working memory, and sustained attention are the cognitive domains that are

6

frequently affected by a SRC (Collie et al., 2001; Echemendia & Julian, 2001; Macciocchi et al.,
1996). Individuals with ADHD also exhibit a greater degree of variability in neurocognitive test
scores.
Learning Disorder (LD)
A learning disability is defined by the Diagnostic and Statistical Manual of Mental
Disorders-5 (DSM-5) as difficulties learning and using academic skills, such as reading,
mathematics, or written expression that is substantially below what is expected for age,
schooling, and level of intelligence (American Psychiatric Association, 2013). The relation
between a history of SRC and LD is not as robust as with ADHD; however, one study surveyed
NCAA division 1 athletes and found that 11% of players with a diagnosed LD reported no
previous concussions, 15% of players with a diagnosed LD reported a single concussion history,
and 19% of players with a diagnosed LD reported multiple previous concussions (Collins et al.,
1999). Other studies have reported prevalence rates of SRC in athletes with an LD ranging from
1.4% - 19% (Nelson, LaRoche et al., 2016; Zuckerman, Lee, Odom, Solomon, & Sills, 2013). A
LD diagnosis typically affects circumscribed areas associated with academic achievement;
however, individuals with an LD commonly have cognitive deficits in executive functioning and
working memory (Silver et al., 2008). Both domains can be impaired following a SRC injury.
Further, high school athletes with either LD or ADHD are more likely to have invalid baseline
performance on computerized neurocognitive tests (CNTs) (Schatz, Moser, Solomon, Ott, &
Karpf, 2012).
Awareness of the cognitive performance of individuals with ADHD/LD and their
increased risk for a SRC becomes especially alarming when one learns that the majority of SRC
research has used a pre-existing diagnosis of ADHD or LD as exclusionary criteria. Thus,
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athletes with one or both of these disorders are typically omitted from SRC studies, leaving our
understanding of the cognitive profile of athletes with ADHD/ LD who experience a SRC largely
unknown.
The studies that have included athletes with ADHD or LD have utilized group
comparison designs with the majority reporting differences in different cognitive domains
between control athletes and those with a pre-existing diagnosis of ADHD or LD. One study
found that athletes with an LD showed decreased performance on an executive functioning
measure and a processing speed measure when tested at pre-season (Collin et al., 1999).
Subsequent studies have also shown that athletes with ADHD or LD exhibit poorer baseline
performance on tests of verbal and visual memory, visual motor processing speed, reaction time,
and impulse control (Elbin et al., 2013; Solomon & Haase, 2008; Zuckerman et al., 2013), and
some authors have suggested using separate normative values when assessing athletes from
either population (Zuckerman et al., 2013). Two studies also reported that athletes with ADHD
or LD report more physical symptoms at baseline (Elbin et al., 2013; Zuckerman et al., 2013).
When athletes with ADHD/LD are evaluated following a SRC, they tend to display greater
cognitive impairment than typically developing youth athletes who also experienced a SRC
(Biederman et al., 2015). It is important to point out that the interpretation of post-injury
neurocognitive assessment is confounded in athletes with ADHD/LD due to their increased
variability on testing, the overlap between the cognitive deficits associated with ADHD/LD and
the cognitive deficits associated with a SRC, and the subtle degree of cognitive impairment
following a SRC injury (Kutcher & Eckner, 2010). A pre-existing diagnosis of ADHD/LD has
the potential to complicate the management of a SRC leading SRC consensus statements to
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identify baseline cognitive testing as particularly important for athletes with ADHD or LD to
assist in return-to-play decisions (Harmon et al., 2013).
Previous Sports-Related Concussion(s)
Findings from research conducted with high school, collegiate, and professional athletes
largely suggests that a single SRC is not associated with long-term negative cognitive effects
(Collins et al., 1999; 2002; Guskiewicz et al., 2003; Iverson, Gaetz, Lovell, & Collins, 2004).
However, multiple SRCs are associated with poorer performance on baseline neuropsychological
testing and persisting cognitive deficits (Collins et al., 1999; 2002; Guskiewicz et al., 2003;
Iverson et al., 2004). Moser and Schatz (2002) reported that athletes with two or more
concussions exhibited significantly lower grade point averages than students with no concussion
history. Further, asymptomatic high school athletes with a history of ≥2 concussions more than
six months before neuropsychological testing performed similarly to athletes who had sustained
a concussion only one week prior to testing (Moser, Schatz, & Jordan, 2005), and college
athletes with a history of ≥2 SRC performed significantly worse on a verbal memory subtest than
did athletes with no SRC history (Covassin, Elbin, Kontos, & Larson, 2010). Researchers are
now also investigating the possibility that exposure to sports-related repetitive sub-concussive
hits may cause cognitive deficits. Findings suggest that cumulative blows below concussion
threshold are associated with a negative dose response effect on cognitive functioning (Webbe &
Ochs, 2003; Witol & Webbe, 2003). Although there appears to be a collective effect of multiple
concussions and potentially multiple sub-concussive blows on the brain, the degree to which this
may affect the long-term functioning of youth and adolescent athletes is not yet known (Davis &
Purcell, 2014; Halstead, Walter, & Fitness, 2010).

9

Age Effects on Cognition and Sports-Related Concussion Management
Cognitive development is a complex process and how it interplays with brain injury and
recovery from a SRC is an important area for practitioners working with youth athletes to
understand. As a result of central nervous system myelination and the integration of neural
networks, significant improvements in the cognitive functioning continuously occur from birth
until approximately the age of 25 (Carpenter, Just, & Shell, 1990; Casey, Giedd, & Thomas,
2000; Fry & Hale, 2000). The greatest amount of cognitive development, particularly in younger
aged children occurs in attention, processing speed, and executive functioning. For example, in
non-athletes, McKay and colleagues (2009) reported that mental processing speed and attentional
response accuracy abilities were significantly better in 8-year-olds as compared to 5-year-olds
and that these abilities were better in 12-year-olds than 8-year-olds. Unpublished, cross-sectional
data collected in 180 healthy children revealed that children between the ages of 9 and 15
showed substantial improvements in performance on tests of simple and choice reaction time,
working memory, and new learning with only minimal changes beyond the age of 15 (McCrory
et al., 2004).
Alarmingly, the effects of age on the paper-and-pencil neuropsychological and CNTs
routinely employed in SRC protocols have received limited research attention. One of the few
studies to specifically investigate age-effects in athletes suggested that performance on paperand-pencil measures of processing speed, attention, and motor speed measures stabilizes after the
10th grade (Hunt & Ferrara, 2009). These results are consistent with the findings of McCrory et
al. (2004) in non-athletes. Interestingly, the magnitude of developmental cognitive changes
documented by the McCrory et al. (2004) and the Hunt and Ferrara (2009) studies were
consistent with the degree of post-concussive cognitive impairments observed in adults ages 17-
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26 (Bleiberg, Garmoe, Halpern, Reeves, & Nadler, 1997; Makdissi et al., 2001). This suggests
that maturational improvements that occur between baseline and post-concussion testing may
offset injury related cognitive decline in concussed children and adolescents (McCrory et al.,
2004). One study conducted with adult athletes reported that although concussed athletes did not
show cognitive decline after injury, they failed to show any degree of practice effects on paperand-pencil tests that were achieved by the non-injured controls (Collie, Makdissi, Maruff,
Bennell, & McCrory, 2006). This has serious implications for practitioners working with youth
athletes who must consider the effects of cognitive maturation and practice effects when making
return-to-play decisions.
Management of Sports-Related Concussion and Consensus Statements
Clinical management of athletes exhibiting SRC symptoms is difficult. Consensus
statements and position papers that are informed by the most up-to-date research and that outline
the best known assessment and monitoring practices recommend that athletes who have
experienced a concussion should remain out of play until they are physically well, symptom free,
and cognitively normal (Giza et al., 2013; McCrory et al., 2013; Ontario Neurotrauma
Foundation, 2014). However, consensus statements are not without their critics as practitioners
argue that the heterogeneity of SRC symptoms require each injury be managed individually as
opposed to following non-specific, generalized rules (McCrory et al., 2009).
The difficulty associated with caring for athletes following a SRC injury comes from the
inability to directly measure the changes in brain functioning caused by these injuries. As
practitioners cannot conclusively determine when sufficient brain healing has occurred, they
often end up inferring recovery from the resolution of physical symptoms and the return of
cognitive abilities to their pre-injury baseline. As a result, symptom checklists and
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neuropsychological testing are championed by position papers and consensus statements written
by panels of SRC experts to assist with the return-to-play decision (Aubry et al., 2002;
Guskiewicz et al., 2004; Makdissi et al., 2010a; McCrory et al., 2013). Determining when the
brain has sufficiently recovered and when the athlete can safely resume cognitive and physical
activity is one of the most hotly debated topics in SRC management. Research investigating the
appropriate time to return the athlete to academic and athletic participation has produced mixed
findings. Some research indicates that cognitive and physical exertion before the brain has healed
can trigger prolonged physical and cognitive difficulties (Jordan, 2000; Matser, Kessels, Jordan,
Lezak, & Troost, 1998; McCrory & Berkovic, 1998). For example, one study examining
concussed collegiate football players found that 33% of players who returned to play on the same
day of injury experienced delayed symptom onset compared to only 12.6% of players who did
not return to play on the same day of injury (Guskiewicz et al., 2003). Further, Majerske and
colleagues (2008) found adolescent athletes (ages 13-18) who engaged in the highest level of
physical activity following a SRC demonstrated poor performance on visual memory and
reaction time tasks. Overall effect sizes indicate that athletes who engaged in the highest level of
activity following their injury demonstrated the worst neurocognitive scores compared to athletes
who engaged in moderate or no activity. These later authors speculate that athletes in the high
activity group likely experienced a less severe injury initially, but by continuing with high levels
of activity over time these athletes developed cognitive difficulties that caused them to present
like athletes who experienced a more severe injury initially. However, other research indicates
that a gradual, step-wise return to activity before physical signs and cognitive decline had
resolved was associated with better outcomes than athletes who remained on physical and
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cognitive rest until symptoms and cognition returned to baseline before engaging in activities
(Leddy, Hinds, Sirica, & Willer, 2016; Silverberg & Iverson, 2013).
The Role of Neuropsychological Testing in Sports-Related Concussion Management
Neuropsychological assessment following a SRC assists with clinical management and
treatment planning. The athlete’s pattern and severity of cognitive impairments are evaluated
within the context of their background (e.g., age, education), motivation (e.g., desire to return to
play), and emotional state (e.g., depression, anxiety) when making return-to-play decisions (Barr,
2001; Kirkwood et al., 2009). Given that there is no typical cognitive profile associated with a
concussive injury, and that no single test can determine the presence or absence of a concussion,
assessing a range of cognitive domains is necessary (Barr, 2001). Initially, paper-and-pencil
batteries were utilized; however, their need for one-to-one administration (Randolph, McCrea, &
Barr, 2005), limited availability of alternative forms (Bodin & Shay, 2012) and insensitivity to
subtle changes in reaction time (Maroon et al., 2000) constrained their use for the serial
assessment necessary within SRC protocols. Thus, computer administered tests were developed
with a structure that allows them to be employed within the “baseline assessment model”
popularized by Barth et al. (1989). The baseline model requires that the neurocognitive test
battery be completed when the athlete is non-injured and this “baseline” serves as a comparison
for post-concussion data. The premise is that decreased performance from baseline at post-injury
signals the presence of cognitive impairment secondary to concussion (Barr, 2001), and return to
baseline signals cognitive recovery. Concussion consensus statements recommend that when preseason testing is available, an athlete`s cognitive test performance returns to baseline before
being allowed to return-to-learn or return-to-play. However, using return to baseline as a proxy
for cognitive recovery is based on clinical consensus and assumes that clinical recovery is similar
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regardless of age (Anderson & Moore, 1995; McCrory et al., 2013). Proponents of baseline
testing argue it increases diagnostic accuracy by controlling for baseline variability in cognitive
functioning and intra-individual differences (e.g., intelligence, sociocultural background, medical
history), thus reducing premature return-to-play (Echemendia, Bruce et al., 2012; Randolph et
al., 2005). However, others have suggested that the need to take into account test-retest
reliability, error inherent to multiple testing sessions, and normal variability that occurs across
testing sessions introduces additional inaccuracies and may complicate the return-to-play
decision process (Echemendia, Bruce et al., 2012).
Implementing the baseline assessment model with youth athletes requires the practitioner
to account for any cognitive maturation that may occur between the baseline and post-injury
assessment (McCrory et al., 2004). This is in addition to the previously discussed psychometric
issues associated with the baseline model and any confounding factors, such as anxiety and
fatigue that are known to influence performance on tests of attention and processing speed (i.e.,
the cognitive domains most affected by a SRC) (Barr, 2001; Franzen, 2000). Unlike adults,
where cognitive functioning is relatively stable over time, children’s and adolescents’ cognition
continues to develop. McCrory and colleagues (2004) have suggested that during the period of
rapid cognitive maturation (8-15 years of age), six baseline tests would have to be performed
each month to ensure accurate baseline scores were available for post-injury comparison. This is
clearly unfeasible. Thus, research examining the performance of healthy, uninjured athletes over
clinically relevant time periods is necessary to inform the statistical methods used to determine
cognitive change in youth and adolescent athletes (Collie, Maruff, Darby, & McStephen, 2003;
McCrory et al., 2004). Although CNTs are used by an estimated 2,500 high school, 350
university athletic departments, and numerous professional sports teams (Johnson, Kegel, &
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Collins, 2011), their use within adolescent sport has been limited by financial and personnel
resources. This is unfortunate given that youth athletes may deny symptoms and younger
children may have difficulty verbalizing cognitive problems. Thus, objective neuropsychological
data may be especially informative to the return-to-play decision in youth populations and can
assist with planning academic interventions (McCrory et al., 2013).
The Need for Within-Individual Sports-Related Concussion Research
The cognitive deficits following a SRC have been well documented in group-level
comparison studies. Examining the differences between symptomatic injured athletes, nonsymptomatic injured athletes, and non-injured control-athletes researchers has led to
development of comprehensive brain-behavior models of SRC (Collie et al., 2006). Given the
movement towards individualized management of SRC injuries, it would behove SRC
researchers to shift their focus from characterizing population-based variations to examining
rates and patterns of cognitive change in individual athletes to provide practitioners the
information necessary for appropriate management of injured athletes (Collie et al., 2003; Maruff
et al., 2006).
The psychometric methods used to detect between-group change are quite different from
those required to detect within-individual change and the methods to determine individual
cognitive impairment are less well developed than the methods to determine group level
cognitive differences (Chelune, Naugle, Lüders, Sedlak, & Awad, 1993; Erlanger et al., 2001;
Hinton-Bayre, Geffen, Geffen, McFarland, & Frijs, 1999; Maassen, 2000; Mollica, Maruff,
Collie, & Vance, 2005; Mollica, Maruff, & Vance, 2004). For example, test-retest correlations
describe how much variability in testing might be attributable to measurement error. An
underlying assumption of test-retest reliability is that the psychological construct under
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investigation is stable and that any fluctuation in the re-test correlation reflects error alone
(Smith, Ivnik, Lucas, Morgan, & Ricker, 2008). Because most clinical neuropsychology
phenomena are not stable, including both cognitive development due to normal aging and
cognitive recovery from a SRC, to assume that measurement fluctuations resulted from error
alone is inappropriate for clinical inference (Smith et al., 2008). Further, test-retest differences
and null hypothesis significance testing determine whether the difference in average performance
of one group compared with another is reliable, but does not necessarily indicate whether the
result is also clinically meaningful (Chelune, 2002; Chelune et al., 1993; Jacobson, Roberts,
Berns, & McGlinchey, 1999). The error in assuming statistical significance implies clinical
significance has a long history in neuropsychology; however, this premise is only true if one
assumes that all cognitively intact people should generate the same level of performance across
all of their abilities (Smith et al., 2008). Given that this is usually not true and that cognitive
intact people display various patterns of cognitive strengths and weaknesses, base-rate statistics
are needed to determine whether within-individual change is both statistically reliable and rare
(Chelune, 2002; Smith et al., 2008). Finally, the criteria for change contains multiple sources of
error, which becomes greater when calculating individual change than when calculating group
change (Jenkinson, 1995; Williams & Naylor, 1992). Thus, the magnitude of change necessary
to be considered clinically meaningful when determining within-individual change is often
greater than the amount of change required for a group of subjects (Maruff et al., 2006). For
accurate management of SRC injuries, SRC research documenting the typical pattern of change
in both neurologically stable (i.e., control athletes) and unstable (i.e., concussed athletes)
individuals is of vital importance.
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Detecting within-individual cognitive change requires that scores from serial assessments
be compared to a standard estimate of change over time (Bland & Altman, 1996; Collie, Maruff,
McStephen, & Darby, 2003). When the central nervous system is stable any change in
performance may reflect normal variability in cognitive functioning, variation in the
measurement process, or both (Mollica et al., 2005). However, in pediatric and adolescent
populations the central nervous system is considered unstable, as it experiences ongoing
developmental change. Formulas to determine reliable change have been primarily utilized in
adult athletes. The scarce use of these formulas in youth athletes indicates that research
investigating the statistical methods to detect and quantify cognitive change following a SRC in
pediatric and adolescent athletes is deserving of research attention.
The lack of a prototypical SRC cognitive profile requires that multiple cognitive
performance measures be administered (Maruff et al., 2006). Administering a battery of
cognitive tests provides greater sensitivity to detect true cognitive impairment than individual
tests (Louey et al., 2014). However, as the number of measures in the battery increases, so does
the probability of false positive classification (i.e., Type I error) (Maruff et al., 2006), and the
decision regarding the presence or absence of cognitive change is directly influenced by the
number of tests interpreted at a given time. Iverson and Schatz (in press) found that it was
uncommon to classify an athlete as changed when their performance on cognitive tests was
considered independently; whereas, the athletes were significantly more likely to be classified as
changed when their performance on tests was interpreted simultaneously. Reliable change
methodology assumes that a single pair of scores, collected at two different time points, is being
compared. Within the baseline model that is widely utilized by sports neuropsychology,
assessing cognitive change across multiple tests concurrently is more common. To correct for
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within-individual Type I error the number of outcome measures, the criterion for abnormality on
any one measure, the number of abnormal test results necessary to be classified as changed, and
whether the hypothesis is one- or two-tailed must be simultaneously considered (Maruff et al.,
2006). Ingraham and Aiken (1996) developed a statistical method that accounts for all of these
factors while also accounting for Type I error. Using simulated data they demonstrated that when
six tests are administered and the criterion for reliable change is 1.5 SD or 2 SD, to maintain the
type I error rate at 5%, an athlete must exhibit impairment on two or more tests. In contrast, if six
tests are administered and 1.5 SD and 2 SD cut-offs are used, but the criterion for reliable change
is only one test, the false positive rate jumps to 15%-30% (Ingraham & Aiken, 1996). In this
case, a single impaired score is not clinically meaningful. Extrapolating this example to the
recommendation put forth by concussion management consensus papers—that an athlete`s
cognitive functioning must return to baseline before being allowed to return-to-play—some
athletes may end up being withheld from sport participation unnecessarily. By applying the
Ingraham and Aiken (1996) methodology to differentiate normal variability from abnormal
cognitive change would add an additional level of empiricism to the management of SRC
injuries.
Compared to other neurocognitive disorders, the cognitive deficits associated with a SRC
injury are expected to be mild to moderate in nature and recover relatively rapidly (Echemendia,
2006). Within traditional neuropsychology cognitive impairment is usually classified as a severe
deterioration (i.e., greater than 1.65 SD or 1.96 SD) on one or more cognitive measure. However,
due to the mild (i.e., 0.5 SD) to moderate (i.e., 1.0 SD) deficits it may be more appropriate to
measure SRC cognitive impairment in the form of a composite change z-score (Rasmussen et al.,
2001). A composite change z-score that sums the degree of change (in SD units) across the
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domains may be better suited to capture subtle changes in cognitive abilities rather than relying
on large impairments in specific cognitive domains (Maruff et al., 2006; Rasmussen et al., 2001).
The chief advantage of composite z-scores over individual subtests is that composite scores are
more likely to be normally distributed (Rasmussen et al., 2001) and have greater statistical
powerful to detect change (Maruff et al., 2006).
As the number of SRC injuries grows, the bulk of which will be in pediatric and
adolescent athletes, determining when to return an athlete to academic and sport participation
becomes increasingly important. Research has identified premorbid modifying factors that place
an athlete at risk for a poor outcome following a SRC and unfortunately these same factors affect
neurocognitive test performance, thus complicating the decision of when to return the athlete to
regular participation. Overall, athletes with a modifying factor have been largely excluded from
research studies and the research has failed to investigate individual rates of cognitive change in
favour of group mean studies. In various ways, this study attempts to add to the existing research
literature to provide data related to each of the above limitations. There remains much to
understand regarding the cognitive performance and rates of cognitive change of youth and
adolescent athletes with pre-morbid neurological conditions when assessed using CNTs.
Study Purpose
This study was designed to document base-rates of cognitive change in youth, high
school, and college aged athletes who were tested at two time points (pre- and post-season for
uninjured athletes and pre- and post-injury for concussed athletes). The study then classified
within-individual cognitive change using two independent, empirical methods for determining
reliable change. The classification accuracy of each change method was subsequently compared
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to determine which methodology was superior, and finally the study investigated whether premorbid modifying factors influenced rates of change.
We hypothesized that athletes with a pre-existing diagnosis of ADHD or LD and athletes
with a history of two or more SRC would show greater rates of reliable change than control
athletes on all cognitive performance measures. Further, we predicted that the rates of
cumulative reliable cognitive change would be greater for athletes with ADHD/LD or 2+ SRC
than control athletes. Applying the methodology of Ingraham and Aiken (1996) we expected that
the number of athletes with ADHD/LD or 2+ SRC that met criteria for reliable cognitive change
would exceed the 5% type I error, whereas, 5% or less of control athletes were expected to meet
criteria for change. When using the composite z-score method we again hypothesized that more
than 5% of athletes with a pre-morbid ADHD/ LD diagnosis or 2+ SRC would meet or exceed
the change criterion; whereas control athletes would not. With regards to concussed athletes, we
hypothesized that athletes with a pre-existing diagnosis of ADHD or LD and athletes with a
history of 2+ SRC would require a longer duration of recovery for cognitive and symptom scores
to return to baseline than athletes who did not have one of these conditions.
Method
Participants
Data were obtained from three independent sources to achieve a sample that included
preadolescent, adolescent, and young adult athletes. All participants spoke English and
neurocognitive and symptom measures were administered in English. Informed consent was
provided by all participants over the age of 18. Parents provided consent if the athlete was
younger than age 18 and the athlete provided assent. All aspects of this study were approved by
the appropriate designated institutional review boards.
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Data source 1 was a prospective research database of 31 preadolescent and adolescent
football players who participated in two independent American youth football leagues. One
league was located the Midwest and the other league was located in the Southwest. These
athletes were assessed at pre-season and post-season with the CCAT test battery and from here
out this group of athletes is referred to as the CCAT Football group. Exclusion criteria for these
athletes included: invalid cognitive data as determined by the CCAT validity indicators, a
neurological disorder other than a concussion or attention-deficit hyperactivity disorder, unable
to understand and follow instructions in English, unable to access a computer with an internet
connection, participation in contact practice more than two-weeks prior to completing the
baseline cognitive assessment, and failure to complete the background history questionnaire, the
CCAT and parent-/child-symptom report at both pre-season and post-season. After applying the
exclusion criteria, four athletes were removed due to invalid cognitive data leaving 27 athletes
for the analyses. Of these 27 athletes, two had a pre-existing diagnosis of ADHD/ LD and no
athlete endorsed a history of 2+ SRC. Both athletes with a pre-existing diagnosis of ADHD/LD
were 12 years of age or younger. No athlete reported a history of psychiatric disorders, headache
conditions, or seizures. Athletes in the CCAT Youth Football group were predominately male
(93%) and right-handed (74%). The athletes ranged in age from 7-13, and the modal age was 12
(37%). Two athletes reported experiencing one previous concussion. An average of 3.6 months
passed between the assessment dates (M = 102 days, SD = 29.8).
Data source 2 was a prospective research database of 158 high school and collegiate
athletes collected from one public high school and one NCAA division I university in an urban
city in the southern United States. These athletes were assessed at pre-season and post-season
with the ImPACT test battery and from here out this group of participants is referred to as the
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ImPACT Uninjured group. Exclusion criteria included: a pre-existing diagnosis of a neurologic
disorder other than headache, failure to complete pre-season or post-season cognitive testing, and
invalid data as identified by the ImPACT validity indicators (ImPACT Applications, 2012).
After applying the exclusion criteria, six athletes failed validity checks. Of the remaining 152
athletes, six athletes endorsed a pre-existing diagnosis of ADHD/LD and six athletes reported a
history of 2+ previous SRC. No athlete endorsed a history of psychiatric disorders, headache
conditions, or seizure disorder. The ImPACT Uninjured sample had an equal gender distribution
(51% male) and ranged from 14-22 years of age. The ImPACT Uninjured sample athletes
participated in a variety of sports (40% soccer, 27% football, 14% basketball, 12% volleyball,
and 7% cheerleading). An average of 6.5 months passed between the assessment dates (M = 195
days, SD = 235.11).
Data source 3 was a retrospective clinical database collected from one NCAA division I
university in an urban city in the southern United States. These athletes were assessed at baseline
and post-injury using the ImPACT test battery and from here out this group of participants is
referred to as the ImPACT Injured group. A concussion was defined according to the American
Academy of Neurology guidelines for management of sports concussion, as an injury resulting
from a blow to the head causing an alteration in mental status and one or more of the following
symptoms: headache, nausea, vomiting, dizziness/balance problems, fatigue, difficulty sleeping,
drowsiness, sensitivity to light or noise, blurred vision, memory difficulties, and difficulty
concentrating (Giza et al., 2013). Exclusion criteria consisted of a pre-existing diagnosis of a
neurologic disorder other than headache, failure to complete pre-season or post-season cognitive
testing, and invalid data as identified by the ImPACT validity indicators (ImPACT Applications,
2012). Due to the clinical nature of this data, the number of post-injury assessments was not
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standardized for each athlete. On average an athlete received two post-injury assessments (range:
1-5).
Procedures
The athletes in the CCAT Youth Football sample were required to complete their preseason testing prior to the first game of the season and to complete their post-season testing
within two weeks of their final game of the season. For most athletes their final game of the
season occurred three months after the first game of the season; however, one football team went
to the championship game and thus, the days between the pre-season and post-season test
sessions have a bimodal distribution. Twenty one athletes were tested an average 2.5 months
apart (73 days) and 6 athletes were tested an average 4 months apart (122 days). Data were
collected using an online HIPPA compliant Survey Monkey Account. Athletes completed the
cognitive testing in their homes under the supervision of a responsible adult. Research indicates
that supervised or unsupervised at-home computerized neurocognitive testing is not
compromised when compared to administration supervised by a training examiner, as rates of
invalid test performance remain the same and scores are not systematically lower (Cromer et al.,
2015; Moser, Schatz, Neidzwski, & Ott, 2011). First, the athlete’s parent/ guardian completed a
questionnaire related to the child’s medical history. If the child was younger than the age of 12,
the parent also completed the parent report symptom checklist from the Child-Sport Concussion
Assessment Tool, 3rd edition (Child-SCAT3). Next, athletes 7-12 years of age completed the
child-report symptom checklist from the Child-CCAT. Athletes aged 13 years or older
completed the adult self-report symptom checklist from the Sport Concussion Assessment Tool,
3rd edition (SCAT3). After completing the symptom inventories the athlete completed the CCAT.
Each adult and athlete dyad was provided instructions on appropriate testing conditions (e.g.,
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quiet, no distractions) and the child was asked to complete the test when they were feeling at
their best.
The ImPACT Uninjured group completed their pre- and post-season testing in an oncampus computer laboratory or an athletic trainer’s office. Athletes were tested in groups of 3 to
20 and were supervised by either a member of the research staff or a certified athletic trainer.
The ImPACT Injured group completed pre-season testing as a part of a comprehensive student
athlete physical that was performed the summer before beginning their freshman season of
college. The ImPACT Injured group completed the post-injury neurocognitive testing in athletic
trainer’s office.
Measures
The CogState Sports Computerized Cognitive Assessment Tool (CCAT, CogState Ltd,
Wausau, Wisconsin, USA) is a computerized neurocognitive test battery that requires 8-10
minutes to complete (Collie, Maruff, Makdissi et al., 2003). The CCAT uses non-verbal playing
cards in order to minimize language, educational, and cultural biases affecting test performance
(Collie, Maruff, Makdissi et al., 2003). Prior studies using this test system in English-speaking
and non-English speaking samples have reported equivalent performance between groups (Collie
et al., 2004, 2007). The battery consists of four distinct tasks assessing the cognitive domains of
psychomotor function/ processing speed (simple reaction time), attention (choice reaction time),
working memory (one-back), and learning (visual recognition memory) (Moriarity et al., 2012).
The primary performance measures include: speed scores for processing speed, attention, and
working memory, and accuracy scores for learning and working memory. The CCAT version
that was administered to the CCAT Youth Football sample is a version designed for research
purposes. This version produces raw data as the average reaction time measured in milliseconds
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if the performance measure is a speeded scale or as the hit rate/proportion correct measured as a
decimal/percentage if the performance measure is an accuracy scale. The CCAT also includes
validity indicators that the athlete must pass for their data to be considered a valid representation
of their current cognitive functioning. The athlete must obtain a processing speed accuracy score
> 90%, an attention accuracy > 80%, a learning accuracy score >53%, and a working memory
accuracy score > 53%. Further, their processing speed score must be less than their attention
speed score, and their processing speed score must be less than their working memory speed
score. The CCAT has demonstrated adequate construct reliability via agreement with paper and
pencil standard neuropsychological tests sensitive to the effects of mild traumatic brain injury
(Aubry et al., 2002). Three studies have examined the test-retest reliability of the CCAT. The
first two studies used healthy, non-athletes to examine retest values at brief intervals (one hour
and one week) and revealed ICC coefficients ranging from high to very high (.69-.90) (Collie,
Maruff, Makdissi et al., 2003; Falleti, Maruff, Collie, & Darby, 2006). A 2016 study reported
retest values at intervals of 30 days, 44 days, and 198 days (Nelson, LaRoche et al., 2016). The
Pearson r values for this study suggest that the learning accuracy subscale shows the greatest
amount of variability at longer retest intervals when compared to the three other CCAT subtests
(Nelson, LaRoche et al., 2016). Further, the study showed that the processing speed, attention,
and working memory speed subscales have reliabilities that range from .58 to .76 and these
values are consistent with the retest values achieved by well-established pencil-and-paper
neuropsychological measures (Nelson, LaRoche et al., 2016).
The Immediate Post-Concussion Assessment Testing Test (ImPACT; version 2.1).
ImPACT is a three part (demographic information, neurocognitive assessment, and concussion
symptom scale) CNT. Six independent neurocognitive modules are applied to evaluate the
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cognitive dimensions of attention, verbal recognition memory, visual working memory, visual
processing speed, reaction time, and learning. The six modules are combined to derive five
composite scores: Verbal Memory, Visual Memory, Visual Motor Processing Speed, Reaction
Time and Impulse Control (Iverson, Lovell, & Collins, 2003). The post-concussion symptom
scale (PCSS) is a 22-item, self-report inventory where symptoms are rated on a 7-point Likert
scale from 0 (asymptomatic) to 6 (severely symptomatic). Research on the reliability of ImPACT
has been quite variable, due to sample characteristics (control versus concussed athletes), testretest duration, and testing conditions (individually versus group administered). However, the
most recent study to investigate test-retest reliability among non-injured athletes reported that the
reliability coefficients for the five ImPACT composite scales ranged from poor (r = 0.50) at
seven days on the visual memory composite to acceptable (r = 0.78) at 44 days on the visual
motor composite, and the correlation coefficients for other composite scales ranged between
these values, even at test-retest intervals of 198 days (Nelson, LaRoche et al., 2016).
The Sport Concussion Assessment Tool 3 (SCAT3); Child-Sport Concussion Assessment
Tool 3 (Child-SCAT3) consists of eight components assessing medical history, concussion
symptoms, cognition, balance, Glasgow Soma Scale and other neurological signs (Guskiewicz et
al., 2013). For the purpose of this study, only the medical background regarding pre-existing
medical conditions (e.g., headaches, previous concussions) and the symptom checklist were used
(McCrory et al., 2013). Three versions of the symptom checklist have been created to provide
age appropriate descriptors of symptoms. Children aged 12 years and younger complete the 20item Child Symptom Checklist, while their parents rate their child using the parent-report
symptom checklist that includes the same 20 items. The scale includes a 0-3 (never to often)
Likert scale. The adult version of the symptom checklist is completed by athletes age 13 years
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and older is comprised of 22-items that ask the athlete to rate the degree to which they are
experiencing each items on a 0-6 (none to severe) scale (Guskiewicz et al., 2013). Two scores
are achieved from the symptom checklists; the number of symptoms endorsed (0-20 for the
child/ parent report and 0-22 for the adult version) (Guskiewicz et al., 2013) and a symptom
severity score (0-60 for the child/ parent report and 0-132 for the adult version) (Guskiewicz et
al., 2013). The symptom checklist has been shown to have good to excellent reliability,
achieving retest coefficients between 0.88 to 0.93 and excellent specificity, achieving values
between 0.91-1.0 (Alla, Sullivan, Hale, & McCrory, 2009; Broglio, Ferrara, Macciocchi,
Baumgartner, & Elliott, 2007; Lovell et al., 2006; Pardini, Strump, & Lovell, 2004).
Analyses
All calculations were performed with the Statistical Package for the Social Sciences
(SPSS; version 20, IMB) using one-tailed tests of significance and an α level of .05. Tables 1
through 4 provide the reader with an overview of the cognitive subscales, symptom scales, and
formulas for calculating reliable cognitive and symptom change.
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Table 1
Overview of this Study’s Cognitive and Symptom Measures and their Unit of Measurement

CCAT
Unit
Performance
Measures
Processing
Speed in
Speed
milliseconds

ImPACT
Composite
Scales
Verbal
Memory

Unit

Symptom
Checklist

Average
proportion
correct on 3
subscales

SCAT-3
ChildReport

Attention

Speed in
milliseconds

Visual
Memory

Average
proportion
correct on 2
subscales

Learning

Accuracy in
proportion
correct

Visual
Motor
Speed

Average
proportion
correct on 2
subscales

Working
Memory
Speed

Speed in
milliseconds

Reaction
Time

Average speed
reaction time
on 3 subscales

Working
Memory
Accuracy

Accuracy in
proportion
correct

Impulse
Control
Composite

Sum of errors
on 2 subscales
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Unit

# of symptoms
(range: 0 – 20)
Symptom
severity
(range:0-60)
SCAT-3
# of symptoms
Parent(range: 0 – 20)
Report
Symptom
severity
(range:0-60)
SCAT-3
# of symptoms
13-years
(range: 0 – 22)
or older
Symptom
Self-report severity
(range:0-132)
PCSS
# of symptoms
Self(range: 0 – 22)
Report
Symptom
severity
(range:0-132)

Table 2
Overview of the Steps to Derive the Numerator and Denominator for the Reliable Change
Calculations for the Cognitive and Symptom Measures

Computerized
Neurocognitive Test
Or Symptom
Checklist
CCAT
Processing Speed
Attention
Learning
Working Memory
Speed
Working Memory Acc
ImPACT
Verbal Memory
Visual Memory
Visual Motor Speed
Reaction Time
Impulse Control
Composite
Symptom Checklist
SCAT-3 Child-Report
# of Symptoms
Symptom Severity
SCAT-3 ParentReport
# of Symptoms
Symptom Severity

Reliable Change
Numerator Calculation

Within-Subject
Standard Deviation
Formula

Reliable
Cognitive Change
Denominator

Post-Season - Pre-Season
Post-Season - Pre-Season
Pre-Season - Post-Season
Post-Season - Pre-Season

WSD = SD *√1-ICC2

= √2*WSD1

Pre-Season- Post-Season
Pre-Season - Post-Season
Pre-Season - Post-Season
Post-Season - Pre-Season
Post-Season - Pre-Season

WSD = SD *√1-ICC2

= √WSD12 +
WSD22

Pre-Season/Baseline Post-Season/Post-Injury

WSD = SD *√1-ICC2

= √WSD12 +
WSD22

SCAT-3 13-years or
older Self-report
# of Symptoms
Symptom Severity
PCSS Self-Report
# of Symptoms
Symptom Severity

Pre-Season/Baseline Post-Season/Post-Injury

Pre-Season - Post-Season

Pre-Season/Baseline Post-Season/Post-Injury

Pre-Season/Baseline Post-Season/Post-Injury
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Table 3
ImPACT Uninjured Sample Pre-Season and Post-Season ICC and Standard Deviations for
Within-subject Standard Deviation Formula

ICC

Pre-Season
SD
9.32
13.31
6.81
0.09
3.79

WSD1

Post-Season
SD
11.62
14.22
6.03
0.08
4.59

WSD2

Verbal Memory
0.58
6.04
7.53
Visual Memory
0.69
7.41
7.92
Visual Motor Speed
0.84
2.72
2.41
Reaction Time
0.65
0.05
0.05
Impulse Control
0.70
2.08
2.51
Composite
Symptom Score
0.88
11.70
4.05
11.12
3.85
Note. WSD1 is the pre-season within-subject standard deviation. WSD2 is the post-season
within-subject standard deviation. RC is the denominator of the RCI formula.

RC
9.65
10.85
3.63
0.07
3.26
5.59

Table 4
Example Reliable Change Calculations for the Cognitive and Symptom Measures

Cognitive Test
or Symptom
Measure
CCAT

Performance Measure/Composite Scale Reliable Change Calculation
Formula

ImPACT

Verbal Memory RC =

Symptom
Checklist

Child-Report Symptom
Severity RC =

Processing speed RC =

Post-Season/Post-Injury - Pre-Season/Baseline
√2*WSD1
If the RC value is ≤1.65 the athlete is classified as
displaying reliable cognitive change.
=Pre-Season/Baseline - Post-Season/Post-Injury
√WSD12 + WSD22
If the RC value is ≤1.65 the athlete is classified as
displaying reliable cognitive change.
Pre-Season/Baseline - Post-Season/Post-Injury
√WSD12 + WSD22
If the RC value is ≤1.65 the athlete is classified as
displaying reliable symptom change.
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Prior to the analyses all data were evaluated for normality, homoscedasticity, and skew.
The presence of practice effects in the Uninjured ImPACT data was investigated using paired ttests for correlated means (Iverson et al., 2003). Frequency distributions and descriptive statistics
were prepared to categorize the demographic variables for each group (control athletes, diagnosis
of ADHD/ LD, 2+ SRC). The demographic variables reported for the non-injured athletes
included: age, gender, dominate hand, previous concussion history, and previous treatment for a
psychiatric condition. Duration between the SRC and the first clinical evaluation (in days) and
between the SRC and when the athlete was returned-to-play (in days) were additionally reported
for injured athletes. Pearson’s product-moment correlations were computed in order to evaluate
the relation of each CCAT performance scale or ImPACT composite scale at pre-season and
post-season. The Ingram and Aiken model works best when intercorrelations between subscales
are low, as any degree of correlation among subtests reduces the expected number of deviant
scores (Ingraham & Aiken, 1996).
All raw change scores (i.e., the numerator of the reliable change formula) for cognitive
measures were calculated so that regardless of the unit of measurement a negative number
represented a decline in cognitive performance (Table 2). CCAT performance subscales where a
larger number indicates better performance (i.e., the learning accuracy and working memory
accuracy performance measures) the pre-season/baseline score was subtracted from the postseason/injury score and CCAT performance subscales where a smaller number indicates quicker
and better performance (i.e., processing speed, attention speed, and working memory speed) the
post-season/injury score was subtracted from the pre-season/baseline score. This same approach
was applied to the ImPACT composite scales. For composite scales where a larger number
indicates accurate and better performance when performing the task (i.e., verbal memory, visual
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memory, and visual motor speed), the pre-season/baseline scores were subtracted from the postseason/injury scores. For the reaction time composite scale and the impulse control composite,
where a smaller number reflects better or more accurate performance, the post-season/injury
score was subtracted from the pre-season/baseline score.
To derive the CCAT Football sample reliable change index denominators, the withinsubject standard deviations (WSD) for each CCAT performance measures were first obtained
from the child and adolescent CCAT normative data (A. Schembri, personal communication,
April 2015). These WSD values are stratified by age. The formula used for the reliable change
denominator was √2*WSD (Table 2).
To compute the ImPACT Uninjured sample reliable change indices, we first needed to
calculate the means and standard deviations for the five ImPACT cognitive composite scales, as
well as the estimates of the test-retest reliability (intraclass correlations, ICC) and stability
(WSD). The ImPACT technical manual does not provide normative WSD values; thus, we
computed a single ICC and WSD value for the entire sample for each composite scale. We
elected to not stratify the WSD by age because research indicates that the largest differences in
neurocognitive test performance occur between the ages of 8 to 15 and our ImPACT Uninjured
sample included athletes aged 14-22; therefore age was not expected to influence the ICC and
WSD values. Further, even if we had calculated ICC and WSD values for each age group, the
sample size for some age groups would have been too small to be of value. The ICC values that
were used in the WSD formula (WSD = SD *√1-ICC2) are found in Table 3. To be consistent
with previous research published with the ImPACT, the denominator of the reliable change
formula used was determined as follows: √WSD12 + WSD22. Researchers suggest it is more
appropriate to use the WSD from each testing session (i.e., WSD1 and WSD2) rather than
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doubling the WSD1 to derive an estimated WSD (Iverson et al., 2003). The WSD values that
were used in the ImPACT reliable change calculations may also be found in Table 3.
To compute the reliable change indices for the symptom checklists we again needed to
calculate the means, standard deviations, ICC, and WSD for the child-, parent-, and adult-report
measures. As was done for the cognitive subscales, the subtraction for the numerator of the
reliable change index was performed so that a negative number reflects more symptoms at postseason (Table 2). Thus, for the symptom checklists and the PCSS the pre-season/injury score was
subtracted from the post-season/baseline score. We also had to calculate the denominator to
determine reliable symptom change and the formula for the denominator was: √WSD12 + WSD22
(Table 2).
Next, the reliable change calculations were performed by dividing the raw change score
for each CCAT performance measure/ImPACT composite scale or symptom score by the
performance measure/composite scale’s corresponding WSD. The interested reader is directed to
Table 4 to see an example of each calculation for the CCAT, ImPACT, and symptom checklist.
Reliable cognitive change was set at ≤1.65 SD, using a one-tailed 95% confidence internal (i.e.,
below the 5th percentile) (Bland & Altman, 1996; Louey et al., 2014). A one-tailed 95%
confidence interval is in accordance with the statistical convention of accepting a 5% false
positive rate of classification and corresponds to a 95% level of confidence that the observed
level of change reflects real change as opposed to being due to other sources (e.g., measurement
error, random variability). Next, the reliable change value for each CCAT performance
measures/ImPACT composite scale were dichotomized based on whether the reliable change
score was ≤1.65 SD or not. The dichotomous variables were summed to create a total reliable
change score that ranged from zero to five. Zero indicated that the athlete did not exhibit a
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reliable change on any cognitive scale and five indicated that the athlete exceeded the reliable
change cut off on all five cognitive scales. Reliable symptom change scores were interpreted
separately and not included in the total reliable change scores because current guidelines
preclude returning athletes to play until they are symptom free. Therefore, to adhere to standard
clinical practice, the change in symptom score(s) were interpreted in conjunction with the total
cognitive reliable change values.
When using the a priori Ingraham and Aiken hypothesis to maintain the Type I error at ≤
5% under a one-tailed hypothesis, an athlete was required to exceed the RCI of ≤1.65 on two or
more measures to be classified as exhibiting reliable cognitive change (Ingraham & Aiken,
1996). Based on the results of the total reliable change score athletes were then assigned to the
criterion one group (i.e., the Ingraham and Aiken method) if they displayed reliable cognitive
change on two or more subscales or the no cognitive change group if they displayed reliable
cognitive change on one or zero cognitive subscales.
Next, composite z-scores were calculated for the CCAT Football and the ImPACT
Uninjured samples. The steps utilized are outlined in Table 5 and will be explained for just one
cognitive scale for purposes of illustration; however, these steps were repeated in an identical
manner for each of the five CCAT performance measures/ImPACT composite scales and the
symptom checklists. Step one involved calculating a raw cognitive change score to serve as the
numerator. The second step required us to calculate the mean raw change score and the raw
change standard deviation for each performance measure/composite scale for the entire sample.
In step three the average raw change score was subtracted from each athlete’s raw change score,
which was then divided by the performance measure/composite scale standard deviation to
derive a CCAT performance measure/ImPACT composite scale change z-score (Rasmussen et
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al, 2001). The five CCAT performance measures/ImPACT composite scales change z-scores
were summed in step four to create a composite change z-score. The mean change z-score and
the mean change z-score standard deviation were calculated (in step five) for each performance
measure/composite scale for the entire sample. When summing the cognitive change z-scores the
distributions changed, thus, step six focused on restandardizing the mean change z-scores by
dividing the composite change z-score by the standard deviation of composite cognitive change
z-scores from the entire sample (Aubry et al., 2002; Centers for Disease Control and Prevention,
2013; Echemendia, Iverson et al., 2012). The composite change z-score can be interpreted much
like a standard z-score, and a composite change z-score ≤1.65 was used as the cut off to
determine reliable cumulative cognitive change. As was done for the reliable change index,
reliable symptom change was interpreted separately and not included in the cumulative z-score
calculations. Athletes were then assigned to the criterion two group (i.e., composite change zscore ≤1.65) or to the no cognitive change group if their composite change z-score was >1.65.
Table 5
Steps for calculating the composite change z-score

Step
One

Description
Calculate a raw change
score for each athlete on
each cognitive subscale
Calculate the raw change
Two
mean and standard deviation
for each cognitive subscale
for the entire sample
Three Calculate a z-score for each
athlete on each cognitive
subscale
Four Sum the z-scores for the
five cognitive subscales

Example
Learning Raw Change Score = Pre-Season - PostSeason

X Learning = Athlete 1 Learning Raw Change Score +
Athlete 2 Learning Raw Change Score + Athlete 3
Learning Raw Change Score….
z-score Learning = Raw Change Score - X
SD X Learning

Learning

Change z-score = z-score Learning + z-score Processing Speed +
z-score attention + z-score Working memory accuracy + z-score
Working Memory speed
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Table 5 (Continued)
Step
Five

Six

Description
Example
Calculate the change z-score X change z-score = Athlete 1 Change z-score +
mean and standard deviation Athlete 2 Change z-score + Athlete 3 Change z-score
…..
Restandardized the change
Composite change z-score = Change z-score - X
z-score
change z-score
SD X change z-score

In order to investigate the main study hypothesis all comparisons were conducted with
athletes classified into one diagnostic category: control athletes, athletes with a pre-existing
diagnosis of ADHD/LD, or 2+ previous SRC to determine whether athletes with one of the
neurologic conditions achieved greater rates of reliable cognitive change on computerized
neurocognitive tests than control athletes.
We also investigated the use of these two empirical methods for defining meaningful
cognitive and symptom change in a sample of injured athletes. To calculate reliable cognitive
and symptom change in the ImPACT Injured sample we used the WSD values that were derived
from the ImPACT Uninjured sample. Aside from this, the steps for calculating criterion one
reliable cognitive change as outlined in Table 4 were identical to the steps used for the CCAT
Youth Football and ImPACT Uninjured samples. For criterion two, the mean change score and
sample standard deviation that were derived from the ImPACT Uninjured sample as outlined in
step five in Table 5 were used to restandardize the injured athlete’s composite z-scores.
Cognitive recovery in the ImPACT injured athletes was defined as the absence of evidence of
reliable cognitive change as defined by both criteria (criterion one and criterion two). For
athletes failing to meet criteria, our approach would result in a recommendation that the athlete
be returned to play.
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Results
The demographic characteristics of the CCAT Youth Football, the ImPACT Uninjured,
and the ImPACT Injured samples are shown in Table 6.
Table 6
Demographics for the CCAT Youth Football Sample, the Uninjured ImPACT Sample, and the
ImPACT Injury Sample

CCAT Youth Football
Sample
(n = 27)
M (SD)
N (%)
Sex
Male
Female
Age
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
Dominate
Hand
Right

ImPACT
Uninjured Sample
(n = 152)
M (SD) N (%)

25 (93%)
2 (7%)
11.7
(1.3)

1 (4%)
--1 (4%)
8 (29%)
10 (37%)
7 (26%)
----------

ImPACT Injury Sample
(n = 12)
M (SD)

77 (51%)
75 (49%)
16.8
(1.9)

20 (74%)
--

-------23 (15%)
18 (12%)
30 (20%)
21 (14%)
32 (21%)
17 (10%)
7 (5%)
2 (2%)
1 (1%)

129
(85%)
14 (9%)

Left
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N (%)
3 (25%)
9 (75%)

17.33
(1.67)

--------2 (17%)
1 (8%)
4 (34%)
3 (25%)
1 (8%)
-1 (8%)
--

7 (58%)
2 (17%)

Table 6 (Continued)
M (SD)
Level of
Participation
High
school
College
Sport
Football
Soccer
Basketball
Volleyball
Cheer
Diagnosis of
ADHD or LD
No
Yes
Concussion
history
0
1
2
>3
Days
between
testing

N (%)

M (SD)

---

142.5
(54.5)

N (%)

M (SD)

N (%)

87 (57%)

3 (25%)

65 (43%)

9 (75%)

27 (100%)

41 (27%)
60 (40%)
22 (15%)
18 (12%)
11 (6%)

2 (16%)
6 (50%)
4 (34%)
---

25 (93%)
2 (7%)

146
(96%)
6 (4%)

10 (83%)
2 (17%)

24 (89%)
2 (7%)
---

135
(89%)
8 (6%)
6 (5%)
--

4 (34%
5 (42%)
2 (16%)
1 (8%)

244.50
(217.8)

194.75
(235.11)

Note. 7 athletes from the Mayo Football sample did not provide their dominate hand. 1 athlete
from the Mayo Football sample did not report their previous concussion history. 2 athletes from
the Uninjured ImPACT sample did not report their previous concussion history. 6 athletes from
the Uninjured ImPACT sample did not report their dominate hand.
CCAT Performance Measures/ImPACT Composite Scales Correlations and TestRetest Reliability. At both pre- and post-season, the CCAT processing speed subscale was
correlated with the CCAT attention measure (pre-season: r(25) = .75, p < .001; post-season:
r(25) = .50, p < .01). Also at post-season the working memory speed subscale was correlated
with the working memory accuracy subscale r(25) = .58, p < .01. The fact that only three of the
20 possible CCAT performance measure correlation coefficients were found to be significant
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leads us to believe that these correlations would not measurably influence the rates of reliable
cognitive change as determined by criterion one. The CCAT performance measures test-retest
reliabilities ranged from 0.62-0.98, all significant at p < .001. The CCAT intraclass correlations
for learning, r(24) = .97, p < .001, and working memory speed, r(24) = .98, p < .001 were both
highly reliable and the attention, r(24) = .66, p < .001, and working memory accuracy, r(24) =
.61, p <.001 were both moderately reliable.
At pre-season, the ImPACT verbal memory composite scale was correlated with the
ImPACT visual memory composite scale, r(150) = .48, p < .001. At post-season the ImPACT
verbal memory composite scale was correlated with the ImPACT visual memory composite,
r(150) = .53, p < .001, and the ImPACT visual motor composite, r(150) = .36, p < .001. Also at
post-season, the visual memory composite was correlated with the visual motor composite,
r(150) = .28, p < .001. As was true for the CCAT correlations, only four of the 20 ImPACT
composite scale correlation coefficients were significant and thus, were not expected to influence
criterion one rates of reliable cognitive change. The test-retest reliability for the five ImPACT
composite scales ranged between 0.41-0.78, all significant at p <.001.
Table 7 provides the raw pre-season, post-season, and pre- to post-season change means
and standard deviations for the control athletes, ADHD/LD athletes, and 2+SRC athletes for each
CCAT performance measure. Table 8 provides the standardized pre-season, post-season, and
pre- to post-season change means and standard deviations for the control athletes, ADHD/LD
athletes, and 2+SRC athletes for each ImPACT composite scale.
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Table 7
The CCAT Youth Football Sample Raw Mean and Raw Mean Change Scores on the CCAT
Performance Measures at Pre-Season and Post-Season

Control Athletes (n = 25)
M (SD)

Pre-Season
Raw Scores

Processing
Speed
Attention

ADHD/LD Athletes (n = 2)

Raw Mean
Change

Pre-Season
Raw Scores

2.50 (0.07)

PostSeason
Raw Scores
2.26 (0.48)

Raw Mean
Change

2.55 (0.07)

PostSeason
Raw Scores
2.01 (0.70)

0.25 (0.47)

2.72 (0.08)

2.73 (0.07)

-0.01 (0.06)

2.75 (0.07)

2.76 (0.06)

-0.01 (0.02)

Learning

1.05 (0.40)

1.05 (0.40)

0.00 (0.10)

0.83 (0.00)

0.84 (0.02)

0.01 (0.02)

Work Memory
Processing
Speed

2.84 (0.42)

2.82 (0.42)

0.02 (0.08)

2.91 (0.01)

2.90 (0.28)

0.01 (0.02)

Work Memory
Accuracy

1.26 (0.16)

1.29 (0.15)

0.03 (0.14)

1.36 (0.05)

1.36 (0.05)

0.00 (0.00)

0.49 (0.77)

Note. The processing speed and working memory speed performance measures were measured in
milliseconds and the attention, learning, and working memory accuracy performance measures
were measured in proportion correct.

The CCAT Youth Football athletes demonstrated the greatest amount of change on the
processing speed composite scale, displaying a quicker processing speed time at post-season
(Controls: MΔ = 0.25, SDΔ = 0.47; ADHD/LD: MΔ = 0.49, SDΔ = 0.77), as the CCAT
ADHD/LD group displayed an improvement of nearly half of a millisecond (Table 7). The
groups did not demonstrate an appreciable change on the remaining four performance measures.
The ImPACT Uninjured control athletes showed the greatest change from pre- to postseason on the verbal (MΔ = -2.81, SDΔ = 11.31), and visual memory scales (MΔ= -2.53, SDΔ =
13.25), remembering two fewer verbal and visual items at post-season (Table 8). The ImPACT
Uninjured athletes with ADHD/LD also showed the greatest change on both the verbal memory
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(MΔ = -6.43, SDΔ = 18.73), and visual memory (MΔ = -6.14, SDΔ = 18.28), composite scales,
losing six points on each scale from pre- to post-season (Table 8). Athletes with 2+SRC gained
one point on both memory scales. The three groups displayed nearly equivalent change on the
remaining composite scales.
Table 8
ImPACT Uninjured Sample Mean Composite Scale and Mean Change Scores at Pre-Season and
Post-Season
Composite Scale or
Symptom
M (SD)
Verbal Mem.
Visual Mem.
Visual Motor
React. Time
ICC
Sym. Sev.
Sym. Total

Pre-Season

Post-Season

Mean Change

85.29 (9.32)
74.39 (13.31)
37.97 (6.81)
0.60 (0.09)
5.14 (3.79)
4.21 (11.70)
1.97 (3.26)

Control Athletes (n = 140)
82.49 (11.62)
-2.81 (11.31)
71.86 (14.22)
-2.53 (13.25)
39.90 (7.03)
1.93 (4.88)
0.59 (0.08)
0.01 (0.09)
6.08 (4.59)
0.94 (4.00)
6.11 (11.12)
-1.90 (7.34)
2.60 (3.79)
-0.63 (2.90)

M (SD)
Verbal Mem.
Visual Mem.
Visual Motor
React. Time
ICC
Sym. Sev.
Sym. Total

84.71 (9.59)
70.00 (12.27)
39.33 (7.77)
0.62 (0.04)
6.43 (3.60)
7.14 (12.94)
2.43 (3.95)

ADHD/LD Athletes (n = 6)
78.29 (15.49)
-6.43 (18.73)
63.86 (24.46)
-6.14 (18.28)
41.54 (7.64)
2.21 (3.20)
0.63 (0.08)
-0.01 (0.07)
7.29 (5.35)
0.86 (5.40)
10.14 (14.08)
-3.00 (14.13)
5.14 (7.29)
-2.74 (4.23)

M (SD)
Verbal Mem.
Visual Mem.
Visual Motor
React. Time
ICC
Sym. Sev.
Sym. Total

82.57 (7.09)
77.86 (4.26)
38.15 (5.88)
0.56 (0.04)
7.43 (3.78)
1.71 (2.29)
1.00 (1.15)

2+SRC (n = 6)
83.57 (8.00)
79.29 (11.51)
40.90 (4.25)
0.61 (0.11)
7.71 (6.75)
7.29 (13.46)
2.86 (4.67)

1.00 (12.23)
1.43 (12.01)
2.74 (6.70)
-0.05 (0.10)
0.29 (4.79)
-5.57 (11.84)
-1.86 (3.80)

ImPACT Practice Effects. The ImPACT Uninjured sample achieved statistically
significant differences between the two testing sessions on the verbal memory, t(151) = -3.11, p
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= .002, visual memory, t(151) = -2.38, p = .019, visual motor, t(151) = 5.00, p = .001, and
impulse control t(151) = 2.87, p = .005, composite scales. We elected to not correct for practice
effects because correction is only recommended when 75% or more of the sample displays
improvement on each scale, and in our sample the percentage of athletes that improved ranged
between 28%-48%; further, on two of the subscales the significant difference was actually a
decline in performance from pre- to post-season rather than an improvement (Iverson & Green,
2001).
Criterion 1: Ingraham and Aiken Method, Prediction Formula Results. The
predicted percentage of participants exceeding the reliable cognitive change criterion one (i.e., a
decline of 1.65 on two or more cognitive tests while maintaining the type I error at <.05) was
0.18%. Applying this probability to the CCAT Youth Football sample resulted in 3.6 control
athletes and 0.36 ADHD/LD athletes expected to meet reliable change criterion one by chance.
Applying this probably to the ImPACT Control sample resulted in 25 control athletes, one
ADHD/LD athlete, and one 2+SRC athlete expected to meet criterion by normal variability
(Table 9).
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Table 9
Predicted and Achieved Results For the Criterion One, Criterion Two, and both Empirical
Methods for Classifying Reliable Cognitive Change for the CCAT Youth Football Sample and
ImPACT Control Sample

CCAT Youth Football Sample
Criterion Criterion
Criterion Both
One
One
Two
Predicted Achieved
Control 3.6
0
2
0
ADHD/ 0.36
0
0
0
LD
2+ SRC -----

ImPACT Uninjured Sample
Criterion Criterion
Criteri Both
One
One
on
Predicted Achieved
Two
25
8
6
5
1.08
1
1
1
1.08

0

1

0

Criterion 1: Reliable Cognitive Change Results. No CCAT Youth Football athlete
demonstrated reliable cognitive change on any of the five CCAT cognitive performance
measures (Table 10). Therefore, no control athlete or ADHD/LD athlete in the CCAT Youth
Football sample met criterion one for reliable cognitive change (Table 10).
Table 10
CCAT Youth Football Sample Performance Measures Dichotomous Reliable Change Results and
the Total Number of Reliable Cognitive Change

Processing Speed
Attention
Learning
Work Memory Processing Speed
Work Memory Accuracy
Table 10 (Continued)

Control Athletes
(N = 25)
0
0
0
0
0

ADHD/LD Athletes
(n = 2)
0
0
0
0
0

Control Athletes
(N = 25)

ADHD/LD Athletes
(n = 2)
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Total
0

25

2

Of the 140 ImPACT Uninjured athletes without ADHD/LD or 2+SRC, 16 athletes
displayed a reliable change on the verbal memory composite scale, 14 displayed a reliable
change on the visual memory scale, six displayed a reliable change on the visual motor speed
scale, five on the impulse control scale, and four on the reaction time scale (Table 11). Summing
these findings resulted in eight athletes displaying a reliable cognitive change on two or more
composite scales and thus met criterion one (Table 11). Notably, four of these eight athletes
played either football or soccer. Of the six athletes with ADHD/LD, two athletes achieved
reliable cognitive change on the verbal memory scale, and two athletes achieved reliable
cognitive change on the visual memory (Table 11). Summing the individual composite scale
reliable change findings resulted in one ADHD/LD athlete meeting criterion one. Of the six
athletes with a history of 2+SRC, two met criterion 1 for reliable change on the reaction time
scale, and one athlete met criterion one for reliable cognitive change on the visual motor speed
scale. Summing the individual composite scale reliable change data resulted in no athletes with
2+SRC meeting criterion one for reliable cognitive change (Table 7). When the findings obtained
here are compared to the Ingraham and Aiken prediction formula results, the number of athletes
that achieved reliable cognitive change for all three groups was well below what was predicted
by the formula (Table 9).
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Table 11
ImPACT Uninjured Sample Composite Scale Dichotomous Reliable Change Results and Reliable
Cognitive Change Totals

Verbal Memory
Visual Memory
Visual Motor Speed
Reaction Time
Impulse Control Composite
Symptom Severity
Symptom Total

Control Athletes
(n = 140)
16
14
6
4
5
16
12

ADHD/LD Athletes
(n = 6)
2
2
0
0
0
2
2

2+SRC
(n = 6)
0
0
1
2
0
1
1

Total
0
1
2
3

100
32
7
1

4
1
1
0

3
3
0
0

Criterion 2: Composite Change z-score Reliable Change Results. The composite
change z-score mean and standard deviation for the 25 CCAT Youth Football control athletes
was -.005 (1.00) and was 0.12 (0.69) for the two CCAT athletes with ADHD/LD. Examining
the composite change z-scores for individual athletes revealed that two control athletes obtained
a composite change z-score value ≤1.65 and were classified as meeting criterion 2. Notably,
neither athlete who achieved a cumulative change z-score of ≤1.65 displayed reliable cognitive
change on any single CCAT performance measure from criterion one. No athlete with a
diagnosis of ADHD/LD obtained a composite change z-score ≤1.65 (Table 9).
The ImPACT Uninjured athletes without ADHD/LD or 2+SRC achieved a composite
change z-score mean and standard deviation of -0.01 (0.98) (Table 9). The ImPACT athletes
45

with ADHD/LD achieved a mean composite change z-score of -0.33 (1.30) and the mean
composite change z-score for the athletes with 2+SRC was -0.04 (1.26). Five athletes without
ADHD/LD or 2+SRC obtained a composite z-score ≤1.65 and were classified as meeting
criterion two. All five of these athletes also met the criterion one for reliable cognitive change.
One athlete with ADHD/LD and one athlete with a history of 2+ SRC also achieved cumulative
z-scores of ≤1.65, but only the athlete with ADHD/LD had also met criterion one for reliable
cognitive change (Table 9).
Symptom Total and Symptom Severity Results: The CCAT Youth Football parent and
athlete symptom total and symptom severity scores at pre- and post-season are presented in
Table 12. At pre-season, the control parents and control athletes younger than 13 years of age
both endorsed approximately five symptoms (parents: M = 5.44, SD = 6.08; athletes: M = 5.72,
SD = 6.24), and both reported a symptom severity of seven (parents: M = 7.04, SD = 8.19;
athletes: M = 7.13, SD = 8.64). At post-season, control parents endorsed four symptoms for their
child (M = 3.96, SD = 4.50), and athletes endorsed three symptoms (M = 2.83, SD = 3.67).
Parents rated the severity of the child’s symptoms only marginally higher (M = 4.56, SD = 5.22)
than child athletes rated themselves (M = 3.17, SD = 4.18). Notably, both parent- and childreport symptom total and symptom severity scores were lower at post-season when compared to
pre-season scores. At both pre- and post-season, both the ADHD/LD parents and ADHD/LD
athletes endorsed a higher number of symptoms and a greater symptom severity than controls
(Table 12). The ADHD/LD athletes also endorsed a greater number of symptoms and a greater
severity than their parents. At pre-season, athletes with ADHD/LD endorsed 14 symptoms (M =
14.00, SD = 0.00), with a severity of 21 (M = 21.00, SD = 0.06), whereas their parents endorsed
only 11.5 symptoms (M =11.50, SD = 0.71), with a severity of 17 (M = 17.00, SD = 0.70). At
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post-season, both ADHD/LD athletes and parents reported fewer symptoms and a lower
symptom severity score. Athletes with ADHD/LD endorsed two fewer symptoms (MΔ = 2.00,
SD = 1.41) and reported a decline of five in symptom severity (MΔ = 5.00, SD = 1.39). Notably,
the ADHD/LD athlete- and parent-report values were nearly identical at post-season. Control
athletes, aged 13 years and older, endorsed an average of two symptoms at pre-season (M = 2.00,
SD = 2.74), with a mean symptom severity of over three (M = 3.64, SD = 4.03). At post-season,
control athletes, aged 13 years and older, endorsed less than one symptom, at a severity of less
than one. In general, symptom severity is the commonly used metric in concussion management
guidelines. When examining symptom severity scores only, no control or ADHD/LD athletes
aged 12 years and younger exhibited reliable symptom change. For the parent-report symptom
severity, two parents of control athletes and one parent of an ADHD/LD athlete aged 12 years
and younger reported that their child exhibited a significantly greater amount of symptom
severity at post-season. Zero athletes aged 13 years or older exhibited reliable symptom change
(Table 12).
Table 12
CCAT Youth Football Sample Child and Parent Report on the Symptom Checklist

M (SD)
Symptom
Total
Child-Report
(n = 20)
Pre-Season
Post-Season
Change
Dich

Control Athletes
Symptom
Severity

5.44 (6.08)
2.83 (3.67)
2.61 (6.23)
1

7.13 (8.64)
3.17 (4.18)
4.86 (8.40)
0
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ADHD/LD Athletes
Symptom
Symptom
Total
Severity
14.00 (0.00)
12.00 (1.41)
2.00 (1.41)
0

21.00 (0.06)
16.00 (1.41)
5.00 (1.39)
0

Table 12 (Continued)
Symptom
Total
Parent-Report
(n = 20)
5.72 (6.24)
Pre-Season
3.96 (4.50)
Post-Season
1.76 (6.81)
Change
2
Dich
13+ Years Old
(n = 7)
2.00 (2.74)
Pre-Season
0.14 (0.38)
Post-Season
2.00 (2.74)
Change
0
Dich

Symptom
Severity

Symptom
Total

Symptom
Severity

7.04 (8.19)
4.56 (5.22)
2.74 (8.52)
2

11.50 (0.71)
11.00 (2.83)
0.50 (2.12)
0

17.00 (0.70)
16.50 (2.83)
0.50 (2.12)
1

3.64 (4.03)
0.14 (0.38)
3.14 (3.44)
0

-----

-----

The ImPACT Uninjured sample endorsed relatively few symptoms at pre-season (control
athletes: M = 1.97, SD = 3.26; ADHD/LD: M = 2.43, SD = 3.95; 2+SRC: M = 1.00, SD = 1.15)
(Table 8). Athletes with ADHD/LD achieved the highest symptom severity score (M = 7.14, SD
= 12.94), followed by control athletes (M = 4.21, SD = 11.70), and then 2+SRC athletes (M =
1.71, SD = 7.29). At post-season all three groups endorsed a greater number of symptoms and
achieved greater symptom severity scores (Table 8). Athletes with ADHD/LD displayed the
greatest increase in total symptoms, endorsing nearly three more symptoms at post-season (MΔ =
-2.71, SD = 4.23). Athletes with 2+SRC displayed the largest increase in symptom severity
scores, increasing their ratings by over 5 points (MΔ = -5.57, SD = 11.84) at post-season. A total
of sixteen control athletes, two ADHD/LD athletes, and one 2+SRC athlete met criterion for
reliable symptom severity change.
Combining Criterion 1/Criterion 2 Reliable Cognitive Change Results with
Symptom Severity Results: Because none of the CCAT Youth Football athletes met criterion
one for reliable cognitive change there was no need to investigate the influence of reliable
symptom change on criterion one results for either control or ADHD/LD athletes. Of the two
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CCAT control athletes that achieved a cumulative change z-score of ≤1.65 neither athlete
displayed reliable symptom severity change. Because none of the ADHD/LD CCAT athletes met
criterion two for reliable cognitive change it was also not necessary to investigate the influence
of reliable symptom change on criterion two.
When the eight ImPACT control athletes without ADHD/LD or 2+ SRC that displayed a
reliable cognitive change on two or more composite scales were combined with the 16 control
athletes that demonstrated reliable symptom severity change, only two athletes met criteria for
both. This resulted in a false positive rate of 0.01%. The one ImPACT ADHD/LD athlete that
met criterion one did not display reliable symptom change. Given that no 2+SRC athletes met
criterion one it was not necessary to investigate these results with respect to reliable symptom
change. When the five ImPACT athletes without ADHD/LD or 2+ SRC that met criterion two
were combined with the 16 athletes that demonstrated reliable symptom severity change, one
athlete met criteria for both. This resulted in a false positive rate of 0.01%. No ADHD/LD or
2+SRC ImPACT athlete met criterion two and reliable symptom severity change.
To summarize the findings for the non-injured athletes, the CCAT Youth Football
athletes showed no evidence of reliable cognitive change over the course of a three month season
of football on any of the cognitive performance measures. A small number of high school and
collegiate athletes that were evaluated with the ImPACT showed reliable cognitive change on
individual cognitive subscales; however, when we applied conservative criteria for defining
reliable cognitive change very few athletes met either criterion and we achieved a very low false
positive rate of 0.04%. When reliable symptom change was introduced as a second criterion
necessary for athletes to be classified as reliably changed, only 0.02% (i.e., 3/140) of the sample
of athletes without ADLD/LD or 2+SRC met these criteria. Due to the excessively small number
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of athletes with ADHD/LD and 2+SRC in both samples, it is very difficult to make inferences
regarding our hypotheses that athletes with these pre-existing conditions would show greater
rates of reliable cognitive change. If one looks at the proportion of athletes in the control,
ADHD/LD, or 2+SRC groups that displayed reliable cognitive change on individual cognitive
scales one could argue that our hypothesis was supported. However, when the conservative
criteria for classifying reliable cognitive change and symptom change were applied, athletes with
either of these pre-existing conditions were not more likely than athletes without these conditions
to display reliable cognitive or symptom change, suggesting that the empirical criteria are able to
account for the inconsistencies in cognitive performance demonstrated by athletes with these
conditions that could be mistakenly interpreted as reliable cognitive change.
ImPACT Injured Sample: The demographic and psychometric characteristics of the
ImPACT Injured sample are found in Table 6. As athletes were returned-to-play, the size of the
sample declined over the investigational assessment time points. The ImPACT Injured sample
initially included 12 athletes. Two athletes endorsed a pre-existing diagnosis of ADHD/LD and
three athletes reported a history of 2+ previous SRC. No athlete endorsed a history of psychiatric
disorders, headache conditions, or seizure disorder. The Injured ImPACT sample was 75%
female, had a mean age of 17 years of age (range: 15-21), and the sports associated with the
highest rates of SRC were soccer (50%), followed by volleyball (34%), and football (16%).
The ImPACT Injured sample group means and standard deviations for the five ImPACT
composite scales and symptom score at each post-injury assessment time point are found in
Table 13. As a comparison we also included the group mean and standard deviation for the five
ImPACT composite scales and symptom score from the ImPACT Uninjured sample of athletes
that do not have ADHD/LD or a history of 2+SRC.
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Table 13
ImPACT Injury Sample Standardized Composite Scale Means (SD) At Each Post Injury Time
Point

Control
Athletes
(n = 140)
Post
Injury 1
(n = 12)
Post
Injury 2
(N = 7)
Post
Injury 3
(n = 4)
Post
Injury 4
(n = 3)
Post
Injury 5
(n= 3)

Verbal
Memory

Visual
Memory

Reaction
Time

Impulse
Control

Symptom
Severity

Symptom
Total

74.39
(13.31)

Visual
Motor
Speed
37.97
(6.81)

85.29
(9.32)

0.60
(0.09)

5.14
(3.79)

4.21
(11.70)

1.97
(3.26)

79.83
(15.83)

68.17
(12.53)

38.99
(8.92)

0.70
(0.25)

5.17
(3.74)

20.58
(20.47)

9.56
(5.59)

82.86
(20.26)

61.00
(20.92)

41.27
(11.80)

0.66
(0.19)

6.14
(5.21)

20.86
(35.25)

8.29
(8.04)

86.50
(10.47)

64.75
(5.19)

45.33
(9.93)

0.56
(0.06)

9.25
(7.09)

18.25
(19.00)

9.25
(5.32)

82.67
(8.96)

62.33
(8.02)

46.21
(4.97)

0.53
(0.03)

7.33
(4.62)

29.33
(20.60)

12.67
(3.52)

89.00
(8.19)

78.00
(10.58)

47.03
(10.68)

0.52
(0.08)

7.67
(4.51)

2.50
(0.71)

2.00
(1.00)

At the first post-injury assessment the ImPACT Injured sample achieved scores lower
than the ImPACT Uninjured athletes on all cognitive subscales, with the greatest decline in
visual memory, scoring six points lower than uninjured control athletes (Table 13). The injured
athletes also endorsed more symptoms and a greater severity of symptoms than uninjured
athletes (Table 13). Regarding criterion one for meaningful cognitive change, one athlete without
ADHD/LD or 2+SRC and one athlete with ADHD/LD demonstrated a decline of ≤ 1.65 SD on
two or more composite scales. Regarding criterion two, two athletes without ADHD/LD or
2+SRC athletes, one ADHD/LD athlete, and one 2+SRC athlete achieved a composite change z51

score of ≤ 1.65 SD (Table 14). Six athletes displayed reliable symptom severity change. When
criterion one and symptom change results were combined, both athletes that met criterion one for
reliable cognitive change also displayed reliable symptom change. When criterion two and
symptom change results were combined, only two athletes met both criteria. Interpreting these
results within the context of concussion management guidelines, we would have returned six
athletes to play (four healthy athletes and two athletes with 2+SRC) and withheld six athletes
(three healthy athletes, two athletes with ADHD/LD, one athlete with 2+SRC).
Table 14
ImPACT Injury Sample Criterion 1, Criterion 2, and Symptom Reliable Change at Each PostConcussion Time Point

Change Type

Control
Athletes
(n = 7)
Post-Injury 1 Criterion One
1
(n = 12)
Criterion Two
2
Both
1
Symptom
2
Criterion One + Symptoms 1
Criterion Two +
1
Symptoms
Post-Injury 2 Criterion One
0
(n = 7)
Criterion Two
0
Both
0
Symptom
0
Criterion One + Symptoms 0
Criterion Two +
0
Symptoms
Table 14 (Continued
Change Type
Control
Athletes
(n = 7)
Post-Injury 3 Criterion One
0
(n = 4)
Criterion Two
0
Both
0
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ADHD/LD
Athletes
(n = 2)
1
1
1
2
1
1

2+SRC
Athletes
(n = 3)
0
1
0
1
0
1

1
1
1
1
1
1

0
0
0
1
0
0

ADHD/LD
Athletes
(n = 2)
1
0
0

2+SRC
Athletes
(n = 3)
0
0
0

Post-Injury 4
(n = 3)

Post-Injury 5
(n = 3)

Symptom
Criterion One + Symptoms
Criterion Two +
Symptoms
Criterion One
Criterion Two
Both
Symptom
Criterion One + Symptoms
Criterion Two +
Symptoms
Criterion One
Criterion Two
Both
Symptom
Criterion One + Symptoms
Criterion Two +
Symptoms

0
0
0

1
1
0

1
0
0

-------

1
0
0
1
1
0

0
0
0
0
0
0

-------

0
0
0
0
0
0

0
0
0
0
0
0

Seven athletes with an average age of 17.3 (1.3) had post-injury two data (2 healthy
athletes, 2 ADHD/LD athletes, and 3 2+SRC athletes). An average of 4.9 (4.1) days passed
between the post-concussion one assessment and post-concussion two assessment. Injured
athletes continued to demonstrate the greatest impairment in visual memory and endorsed a large
number of symptoms at a high severity (Table 13). Of the seven athletes assessed at this time
point, only one athlete demonstrated reliable cognitive change. This athlete had a pre-existing
diagnosis of ADHDL/LD and she displayed reliable cognitive change using both criteria. Two
athletes met criteria for reliable symptom severity change, one had a pre-existing diagnosis of
ADHD/LD and the other had a history of 2+SRC (Table 14). The ADHD/LD athlete that met
criteria for reliable cognitive change also exhibited symptom change (Table 14). Based on
concussion guidelines we would have recommended that the two athletes with symptom change
remain out of play and we would have returned the other five athletes to play.
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At the post-injury three evaluation, the sample included four athletes with an average age
of 17.3 (0.5), one healthy athlete, one athlete with ADHD/LD, and two athletes with 2+SRC. An
average of 5.8 (1.3) days passed between post-concussion one and post-concussion three
assessments. These four athletes continued to demonstrate the greatest impairment in visual
memory; however, their reaction time speed was now quicker than Uninjured control athletes
(Table 13). The number of symptoms endorsed by the injured athletes remained high and the
symptom severity was also elevated. Regarding reliable cognitive change, one athlete with
ADHD/LD met criteria one and no athlete met criteria two. Two athletes displayed reliable
symptom change, one athlete had ADHD/LD and one athlete had 2+SRC. The ADHD/LD
athlete who met criterion one for reliable cognitive change also displayed symptom change
(Table 14). Based on these results, we would have returned two of the athletes (one athlete
without ADHD/LD or 2+SRC and one with 2+SRC) to play and we would have withheld two
athletes (one with ADHD/LD and one with 2+SRC) from play.
At post-injury four the sample included three athletes with an average age of 17.3 (0.6),
one with ADHD/LD athlete and two with 2+SRC. An average of 11.7 (8.1) days passed between
post-concussion one and post-concussion four assessments. Interestingly, the injured athletes
achieved visual memory composite scores an average of 10 points lower than the Uninjured
control athletes, but achieved scores on the four other composite scales near or greater than the
Uninjured control athletes scores (Table 13). The number of symptoms and symptom severity
endorsed by these three athletes was elevated when compared to Uninjured athletes. One athlete
that met criteria one for reliable cognitive change had a pre-existing diagnosis of ADHD/LD. No
athlete met criteria two. Two athletes (one with ADHD/LD and one with 2+SRC) displayed
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reliable symptom change (Table 14). Based on these results we would have returned one athlete
with 2+SRC to play and continued to hold out the other two athletes.
At post-concussion 5, an average of 29.3 (32.7) days had passed between post-concussion
1 assessment and post-concussion 5 assessment. The three athletes had achieved scores on all
composite scale that were greater than the scores achieved by control athletes and were
endorsing symptoms at the same level of the control athletes (Table 14). No athlete evidenced
reliable cognitive or symptom change. All athletes were returned-to-play at this time. This would
have been the recommendation based on the criteria used in this study as well.
Overall, immediately following a concussive injury athletes were highly symptomatic
and they displayed a decline in cognitive abilities. The recovery trajectories of the athletes
without a history of ADHD/LD or 2+SRC were consistent with previously published data that
suggests that high school and collegiate athletes can be expected to return to play within seven to
10 days of their injury. The athletes with a pre-existing diagnosis of ADHD/LD or who had
experienced 2+SRC largely reported physical symptoms and displayed cognitive decline beyond
the 7-10 day window, suggesting that athletes with either of these neurologic conditions require
more time to return to their pre-injury baseline. The reassessment interval for our injured athletes
were quite short and this is felt to account for the striking improvement in cognitive performance
on four of the five composite scales by post-injury three, despite these athletes still being highly
symptomatic. We believe this indicates a potential limitation when the ImPACT test is
repeatedly administered during a short time interval as practice effects over and above the
amount of expected cognitive recovery during this time period may have contributed to the
results. When we compared our decision as to whether an athlete should be returned to play
based on the results of the criteria for defining meaningful cognitive and symptom change to the
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decision to the return the athlete to play that occurred in actual practice, the vast majority of the
decisions were congruent; however, practitioners appeared to be more cautious returning athletes
with a pre-existing condition to play than we would have recommended.
Discussion
Our results indicate that young children do not experience reliable cognitive change after
a three month season of tackle football. This finding takes on increased importance given the
heightened concern regarding possible decline in cognitive functioning and long-term cognitive
deficits after playing one or more seasons of tackle football. We found that participating in a
single season of youth football was not associated with reliable cognitive decline; however, we
cannot speculate about the potential for longer-term consequences after multiple years of play.
We also found minimal evidence of reliable cognitive decline in our high school and collegiate
athletes. Congruent with the pediatric sample, this would seem to suggest that participating in a
single season of high school or college sports is not associated with cognitive decline, even at a
high level of competition. Given that sport involvement is associated with a number of positive
outcomes, such as healthy peer relations, self-esteem, and weight management (Larson, 2000;
McHale et al., 2005; Must & Tybor, 2005; Smith, 2003), our findings suggest that the positive
outcomes of sport participation outweigh the potential risks of a SRC injury.
Overall, our sample of high school and collegiate athletes was a mix of both low and high
contact sports; however, the majority (67%) of the sample participated in either football or
soccer. Both of these sports are associated with high rates of SRC injuries and require repeated
head impacts as an integral aspect of playing each sport. Interestingly, 50% of the uninjured
athletes that met criteria for reliable cognitive change but who were not diagnosed with a SRC
injury during the study period played either football or soccer. Although these athletes were not
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diagnosed with a SRC, it is possible that they did experience a concussive injury that went
undiagnosed or alternatively, they may have experienced cognitive decline due to the cumulative
effects of repetitive head impacts. Other authors have suggested similarly that certain athletes do
experience neurocognitive and neurophysiologic changes as a result of repeated subconcussive
blows over the course of a season (McAllister et al., 2012; 2014). In general, the research
investigating cognitive decline secondary to subconcussive injuries has largely focused on
professional male soccer players (Forbes, Glutting, & Kaminski, 2016; Master, Kessels, Lezak,
& Troost, 2001); hence, applying these findings to youth athletes is questionable at best (and
likely inappropriate). For example, a professional soccer player may “head” the ball upwards of
2,000 times over the course of a season, whereas a study of female high school soccer players
found that the occurrence of “headers” during an interscholastic game was an average of one per
game (Forbes et al., 2016). A study conducted with 7-8 year-olds youth football reported that
players in their sample experience an average of only 161 impacts throughout the course of the
season (Young, Daniel, Rowson, & Duma, 2014). Therefore, the likelihood that our athletes
experienced a sufficient number of subconcussive blows over the course of a single season to
cause persistent cognitive decline is low. Notably, a retrospective study by Stamm and
colleagues (2015) found that retired NFL football players who began participation in tackle
football prior to the age of 12 performed significant worse on neurocognitive measures than
players who did not begin participation in tackle football until after the age of 12. Thus, it may
be the case that there is an association between early participation in tackle football and later-life
cognitive impairment (Stamm et al., 2015). Given that this finding requires replication with
larger, longitudinal samples, as was stated in the previous paragraph, we are led to return to the
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prior claim that the multiple benefits of athletic participation appear to appreciably outweigh the
possible risk of cognitive decline due to subconcussive injures in pediatric and youth athletes.
The hypothesis that athletes with a pre-existing diagnosis of ADHD or LD and athletes
with 2+ previous SRC would show greater rates of reliable cognitive change than athletes
without either of these conditions was not supported. With respect to criterion one, that required
an athlete to display a decline of 1.65 SD on two or more cognitive subscales, we found that
across the three groups, the number of athletes that this method classified as changed was well
below the expected number based on the prediction formula. The prediction formula is known to
overestimate the number of athletes expected to display cognitive impairment when the cognitive
subscales are intercorrelated (Ingraham & Aiken, 1996). As noted in the results section, there
was some evidence of intercorrleation, but we do not expect it to greatly influence our results.
That said, when we compared the number of athletes that were predicted by the formula to
display reliable cognitive change to the observed number of athletes that achieved scores in the
impaired range the model did seem to over predict the number of uninjured control, ADHD/LD,
and 2+SRC athletes who were expected to meet criteria for reliable cognitive change. However,
the extremely small number of athletes that met the Ingraham and Aiken criteria for reliable
cognitive change suggests that even if the model had predicted that a smaller number of athletes
would display reliable cognitive change it is unlikely that the number of athletes who displayed
true cognitive change would have exceeded the false positive cut off. With respect to criterion
two that required an athlete to achieve a cumulative change z-score of ≤ 1.65, we found that the
mean composite change z-score values for the uninjured controls, ADHD/LD, and 2+SRC
groups was around zero. This indicates that when cognitive change has not occurred, the normal
variability across cognitive subtests cancels each other out. This is a particularly useful finding
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for the ADHD/LD and 2+SRC groups as previous research has found that athletes with these
neurologic conditions show greater amounts of variability on neurocognitive testing than healthy
athletes. Our results suggest that in uninjured athletes cumulative change z-scores do not
incorrectly identify athletes as displaying evidence of cognitive decline and this method may be
useful for managing SRC injuries. Across both criteria for classifying meaningful cognitive
decline the number of athletes that displayed reliable cognitive change was below the 5% Type I
error, false positive rate, and this was independent of the athlete’s group membership. Although
contrary to our hypothesis, these findings suggest that both criteria are equally effective in
defining reliable cognitive change in pre-adolescent, adolescent, and young adult athletes.
Criterion one, which defined meaningful reliable cognitive change as a decline on 2 or
more cognitive scales, achieved very low false positive rates across two independent samples of
uninjured athletes. The Youth Football sample that was evaluated with the CCAT achieved a
false positive rate of 0.00%. This rate is much lower than the CCAT false positive rates of 5.6%
and 13% reported in prior studies with high school/collegiate athletes and professional athletes
(Louey et al., 2014; Nelson, LaRoche et al., 2016). However, the false positive rate reported by
Nelson and colleagues (2016) is within the 5% false positive rate that is commonly accepted in
neuropsychology. Interestingly, when both of the aforementioned studies implemented a less
conservative criterion of a decline on only one cognitive subscale the CCAT false positive rates
increased to 20% and 49% respectively (Louey et al., 2014; Nelson, LaRoche et al., 2016). The
high school and collegiate athletes that were assessed with the ImPACT achieved a false positive
rate of only 0.10% when criterion one for meaningful cognitive change was used. Our rate was
again much lower than the ImPACT false positive rate of 4.8% reported in the Nelson and
colleagues 2016 study of high school and collegiate athletes when the cut off was a decline on
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two or more composite scales. Further, the ImPACT false positive rate markedly increased to
40.0% when the cut off for cognitive change was broadened to a decline on only one composite
scale (Nelson, LaRoche et al., 2016). Consideration of our findings, along with those of prior
investigators, leads us to believe that more stringent criteria are needed for defining meaningful
cognitive change within SRC management protocols. Our results suggest further that a decline in
two or more cognitive domains will provide an adequate false positive rate regardless of the
CNTs employed.
When we simultaneously interpreted the reliable cognitive change and symptom change
results, as suggested by SRC practice guidelines, only two athletes were classified as
demonstrating cognitive and physical symptoms consistent with a SRC injury. This yields a false
positive rate of 0.01% across the two uninjured samples. These findings support the importance
of assessing both cognitive functioning and physical symptoms when managing concussive
injures to increase the reliability of SRC management. Our findings are consistent with the
current consensus that while neurocognitive test results can contribute to the clinical picture, they
should not be considered in isolation, or favored over multidimensional clinical assessment
approaches (Nelson, LaRoche et al., 2016). Using both neurocognitive and symptom measures
minimizes the potential of misclassifying an athlete as displaying SRC sequelae and
inappropriately withholding the athlete from school and sport participation. This is particularly
important for youth athletes who can experience significant psychological distress if they are
removed from their academic and athletic environments as these serve as the child’s chief source
of social interaction and contribute to their sense of self-worth (Guskiewicz et al., 2004;
Kirkwood et al., 2009; Meehan & Bachur, 2009).
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Previous research employing group mean difference methodology has found that athletes
with ADHD/LD or 2+SRC achieve lower scores on computerized neurocognitive tests than
healthy, control athletes (Elbin et al., 2013; Solomon & Haase, 2008; Zuckerman et al., 2013).
Although we did not use inferential statistics to formally investigate if this finding held up in our
sample, examining the group means on each CCAT and ImPACT cognitive subscales suggests a
trend for athletes with ADHD/LD to show an appreciable difference on cognitive scales when
compared to control athletes and athletes with 2+SRC. The purpose of this study was to explore
whether athletes with a pre-existing neurologic condition continue to display lower cognitive
scores on CNTs when within-individual statistical methods are used. Unfortunately, the small
number of athletes with ADHD/LD and 2+SRC in our samples makes drawing inferences from
our results difficult. However, the percentage of adolescent and young adult athletes that
demonstrated reliable cognitive change on any cognitive scale was 14% for control athletes and
33% for both ADHD/LD athletes and 2+SRC athletes. This suggests that adolescent and young
adult athletes with ADHD/LD or 2+SRC are more likely to demonstrate reliable cognitive
change than control athletes. These results further suggest that within-individual statistical
methods are sensitive to the variability in neurocognitive testing performance by athletes with
ADHD/LD and 2+SRC that has been reported in studies relying only on group means. Further,
because the number of athletes with a pre-existing neurologic condition that met criteria for
meaningful reliable cognitive change was well below the 5% false positive rate, we suggest that
using stricter cut offs for defining meaningful cognitive change will improve the diagnostic
accuracy regarding the presence of true cognitive decline in these athletes as the more
conservative cut offs account for the increased variability displayed on cognitive testing. These
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claims, derived from analyses performed on our admittedly small samples, remain somewhat
speculative and await confirmation and replication with larger and more varied samples.
Within the field of SRC, neuropsychologists disagree as to whether the baseline
assessment model is methodologically appropriate, as well as practically feasible. Proponents of
the model suggest that the intraindividual differences in athletes and the subtle cognitive changes
associated with a SRC require assessment of the athlete at their pre-injury baseline. Critics of the
method suggest that the statistical error that is introduced when multiple testing sessions are
conducted, the normal variability that occurs across testing sessions, and error due to test-retest
reliabilities increase the chance for erroneous return-to-play decisions (Echemendia, Bruce et al.,
2012). Our findings suggest that the concerns expressed by critics can be addressed by
implementing empirical criteria for defining meaningful reliable change. Both empirical criteria
that were utilized in this study can easily be applied to cognitive data when only post-season or
post-injury results are available. Thus, one area for future research might be to determine
whether criterion one or criterion two are able to achieve equally low false positive rates when
only one data point is available. Although we encourage the use of the baseline assessment
model whenever possible we understand that this is not always financially or logistically
feasible, particularly for recreational and youth athletic organizations. Thus, we also feel that the
SRC would benefit greatly from the publication of CNT normative data that is stratified by age
and pre-existing neurologic condition. When assessing normally developing athletes, research
has shown that normative methods are as reliable for determining return-to-play as the baseline
method (Echemendia, Bruce et al., 2012; Louey et al., 2014), and it would be an important for
this finding to be replicated with athletes diagnosed with ADHD/LD or 2+SRC. Further, given
the inconsistencies in test performance demonstrated by athletes with ADHD or LD it may be a
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worthy recommendation to require baseline testing only for these athletes when resources are
limited. At the very least, the availability of normative data stratified by diagnostic condition is
necessary for appropriate return-to-play decision making.
Our sample of pediatric athletes had a test-retest interval that lent itself well to the use of
reliable change formulas in this age group. While the most common test-retest intervals are
limited to 7-14 days, an average of 4.7 months passed between our pre-season and post-season
assessments. This test-retest interval reflects a time period that better conforms to those
commonly seen in youth sports, yet was not so long that a significant amount of cognitive
maturation would be expected. The CCAT retest reliabilities achieved by the current study for
the processing speed (0.64), attention (0.66), and working memory accuracy (0.62), are generally
consistent with previously published values reported in a study wherein athletes were retested at
intervals of 44 and 198 days (Nelson, LaRoche et al., 2016); however the retest reliabilities
achieved by our study on the learning (0.97) and working memory speed (0.98) were
considerably higher than what was reported by the 2016 study. Although all of our reliability
coefficients were statistically significant, the test-retest reliabilities for three of the five CCAT
performance measures achieved by this study are suboptimal for clinical use and caution is
warranted when this is the only neurocognitive test that return-to-play decisions are based upon
(Nelson, LaRoche et al., 2016).
We employed reliable change formulas in a sample of pediatric athletes and found that
pediatric athletes did not display reliable cognitive change from pre- to post-season and that they
did not meet empirical criteria for meaningful cognitive change. Thus, reliable cognitive change
formulas and empirical methodology for defining meaningful cognitive change can be
appropriately implemented with athletes between 7-13 years of age. Within the reliable change
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literature, researchers debate what constitutes the most appropriate retest interval for use within
SRC management protocols because the retest interval influences the test-retest reliability
coefficient, with larger retest intervals associated with lower reliability coefficients. The
denominator used in the CCAT reliable change calculations had a retest interval of 12 months
and was stratified by age. Thus, our results suggest that a CCAT test-retest interval as long as
this may be appropriate even for young athletes and the duration of the retest interval may be less
important than ensuring the reliability coefficient is consistent with the athlete’s age. Thus, a
large need remains for research that investigates the influence of retest intervals on reliable
change calculations in pediatric populations.
Consistent with previous literature, our pediatric athletes demonstrated an appreciable
improvement from pre- to post-season in processing speed, without improvements in attention,
learning, and working memory (Kail, 1991). Although the improvement in processing speed
could be due to cognitive maturation that occurred during the study time period, measures of
processing speed also have the highest likelihood of practice effects compared to measures of
other cognitive domains (Lezak, Howieson, & Loring, 2004; Macciocchi et al., 1996). Research
on the CCAT has found that these kinds of tests are susceptible to practice effects and thus, test
publishers advocate for a “double-baseline model,” where the athlete completes the CCAT test
twice and the third administration is scored to eliminate practice effects. Although the youth
athletes in our study completed a practice component that allowed them to become familiar with
the CCAT testing platform we did not employ the “double baseline model” and nor could we
formally test for practice effects as our sample size was insufficient to power the analyses. Thus,
we cannot determine whether the improvement in processing speed was due to cognitive
maturation, practice effects, or both. These results support the need for normative research
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documenting cognitive performance improvements of pediatric athletes on commonly employed
computerized neurocognitive measures. Without this type of normative data it is difficult for
clinicians working with youth athletes to make accurate return to play decisions. To highlight
why documentation of normative cognitive gains and practice effects across age bands is
important, consider the following. If a pediatric athlete was to achieve a similar processing speed
score at both pre- and post-season many individuals would interpret this as indicating that the
athlete has not experienced cognitive change. However, as our results indicate, youth athletes
should be expected to display a faster processing speed at post-season. Thus, the lack of change
may in fact indicate that the athlete has experienced cognitive decline. Future research stratifying
samples by age is needed to differentiate normal cognitive aging from practice effects and SRC
cognitive decline.
We also found that the two youth athletes with ADHD/LD showed a greater
improvement in processing speed from pre- to post-season than the 25 healthy athletes.
Unfortunately due to our sample size we cannot make definite statements regarding the cause of
this difference. Previous research indicates that athletes with a pre-existing diagnosis of ADHD
or LD perform more poorly at baseline on processing speed measures and thus their
improvement at post-season could reflect regression to the mean (Elbin et al., 2013; Solomon &
Haase, 2008; Zuckerman et al., 2013). That said, this potential explanation seems unlikely given
that healthy athletes also demonstrated quicker processing speed times at post-season. An
alternative explanation for the discrepancy between healthy atheltes and athletes with ADHD/LD
is that children with ADHD/LD performed more quickly, but also made more errors. This
performance pattern is known as the speed-accuracy trade-off (Osman et al., 2000). Support for
this hypothesis comes from the results of a study (Salinas et al., 2016) that found that athletes
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with a diagnosis of ADHD were more prone to intrusion errors and inefficient performance than
control athletes. The CCAT program calculates a separate value for the number of errors made
by the athlete on the processing speed subscale; unfortuately this values is not included in the
standard interpretation form and thus, normative data that would allow us to further investigate
whether this was the case for the ADHD/LD athetes given our sample size does not exist. Our
results suggest that research investigating the processing speed accuracy variable may be
particularly useful when evaluating athletes with ADHD/LD and emphasize the importance of a
thorough clinical interview that assesses for the presence of ADHD or LD.
The number of symptoms and symptom severity that were reported by the athlete’s
parents and the pediatric athletes in both groups (i.e., control or ADHD/LD) declined from preto post-season. This suggests that a season of youth football does not contribute to parents and
participants reporting a host of physical symptom complaints. We also found that athletes
diagnosed as ADHD/LD and their parents, endorsed a greater number of symptoms and a greater
symptom severity at baseline than control athletes. This finding has two implications. First, it
highlights the importance of obtaining a pre-season baseline symptom checklist for athletes
diagnosed with ADHD/LD to ensure that if the athlete experiences a SRC during the season that
their post-injury symptom report is not interpreted as reflecting a dramatic increase in symptoms.
Further, as the athlete follows the recovery curve the practitioner should not expect the symptom
report to baseline cut off scores that are established with typically developing athletes as this
may cause athletes diagnosed with ADHD/LD to be withheld from play for longer than
necessary. Second, physical activity is known to have a positive effect on symptoms of ADHD,
which may explain the reduction in symptom report at post-season and further support the
importance of youth engaging in athletic pursuits. In contrast to the high school and collegiate
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athletes with ADHD/LD the control athletes in the high school and collegiate sample endorsed a
greater number of symptoms and achieved greater symptom severity scores at post-season. There
are also two potential explanations for these results. First, the increase in symptoms is unlikely to
be considered clinically meaningful as the overall number of symptoms endorsed and symptom
severity at post-season was relatively low. Second, the increase of symptoms is likely due to the
greater academic pressures and athletic participation that our older, student athletes experience
compared to our younger, recreational football sample. Thus, practitioners working with high
school and collegiate players are encouraged to be mindful of the timing of the athletes SRC and
whether it occurred during a point in the season when academic stressors may be at a greater
intensity, such as during exam week or prior to standardized testing periods. It would be an
interesting line of research to follow athletes symptom report at the end of the season to the
beginning of the next sport season as we expect that with adequate recovery the vast majority, if
not all symptoms would remit once the sport season has ended. Overall, most athletes, regardless
of age, report at least one symptom at baseline, which indicates it would be prudent to have all
athletes complete some form of symptom checklist prior to the beginning of the season. Given
that the SCAT-3 measure is freely available on the Internet, adhering to this suggestion should
not result in a huge financial or logistic burden, even for youth sport teams.
The results achieved in this study with the injured athletes suggest that adolescent and
young adult athletes who have experienced their first SRC and who do not have ADHD/LD can
be expected to have returned to their cognitive baseline within seven to ten days of the injury and
not experience persistent cognitive decline. We found that 67% of healthy athletes had been
returned to play by post-injury asssessment three, which was performed approximately six to
eight days following the SRC injury. Notably, this was not true for athletes with a pre-existing
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diagnosis of ADHD/LD or a history of 2+SRC. At post-injury assesment four, which occurred at
11 days after the first post-concussion assessment, only three out of five athletes with either of
these conditions had been returned to play. This supports previous research that athletes with
either pre-existing condition are at risk for prolonged recovery periods when compared to
healthy athletes.
Our finding that cognitive functioning returned to baseline before physical symptoms
returned to baseline for most athletes stands in contrast with previous research where the pattern
of change has been opposite, with physical symptoms typically remitting three to four days
before cognitive deficits (Barth et al., 1989; Field et al., 2003; Lovell, Collins, & Bradley, 2004;
Macciocchi et al., 1996; Makdissi et al., 2001). It is important to note that the date of the SRC
injury was not collected for our injured sample. The absense of this information precludes us
making definitive statements with regards to normal recovery trajectories in injured high school
and collegiate athletes; however, we used the National Collegiate Athletics Association (NCAA)
guidleines for SRC management as a proxy that recommend an injured athlete be assessed within
24-48 hours of their injury to estimate when the athlete’s injury likely occurred. Therefore, there
is a margin of error of one to two days that needs to be taken into consideration when
interperting our results and recommendation as to when an athlete should be cleared to return to
play.
When we compared our recommendation to return an athlete to play based on the results
of the meaningful cognitive change and symptom change results we found that they were largely
consistent with what actually occurred. The single discrpeancy was our recommendation to
return all athletes with ADHD/LD and 2+SRC to play by post-injury assessment four. This is a
full 18 days earlier than they were cleared for play. While it is generally accepted that cognitive
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and physical rest in the acute phase of recovery from concussions is necessary, the requirement
to avoid all stimulating activities, such as exercise, school work, computers, smart phones, and
television is particularly unusual given that SRC appears to be the only medical condition that is
treated in this fashion (Craton & Leslie, 2014). Emerging evidence suggests that complete rest
beyond three days in adults is not beneficial and gradual reintroduction of activity appears to be
helpful (Silverberg & Iverson, 2013). A further argument for an earlier return to physical and
cognitive activity is that complete rest can inadvertently emphasize somatic hypervigilance.
Emerging literature indicates that psychosocial factors influence the genesis and perpetuation of
long-term concussion symptom reporting (Craton & Leslie, 2014; Silverberg & Iverson, 2013).
Humans do not respond well to sustained removal from their social and physical environments
and prolonged rest appears to have a paradoxical adverse effect on the physiology of concussion
recovery (Leddy et al., 2016). Current concussion management consensus statements, with their
strong focus on medical aspects and potential long-term health problems, can have the
unintended consequences of heightening psychological factors primed to arise in such situations,
such as symptoms of depression and anxiety and tendencies to engage in all-or-nothing thinking
and catastrophizing (Craton & Leslie, 2014). A second difficulty surrounding the return-to-play
decision is determining “asymptomatic” status. At present, the need for an athlete to be
asymptomatic before returning to activity is neither based on evidence nor is it practically
attainable. In fact, it is counterintuitive to what is known about the relation between neuron
repair and exercise (Leddy & Willer, 2013). For example, aerobic exercise performed 14 to 21
days after concussion serves to help upregulate brain derived neurotrophic factor after a
concussion and is associated with improved cognitive performance (Griesbach et al., 2004). A
retrospective study found that athletes that engaged in medium levels of physical and cognitive
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activity performed better on neurocognitive testing than did athletes who adhered to strict rest
(Majerske et al., 2008). These new lines of research underscore the importance of making more
informed and balanced decisions about clinical management recommendations for athletes and
highlight the need for further research on the effects of different clinical management practices
on recovery for all concussed athletes (Nelson, Guskiewicz et al., 2016).
The results of the current study must be considered within the context of the study’s
limitations. The most salient limitation of the study is the small sample size and thus, all
implications drawn from these results must be considered preliminary and in need of further
research support. Further, the convenience sample resulted in groups with significant
heterogeneity regarding age, level of sport participation, unverified severity of the self-reported
concussion(s), an unknown time interval between concussions for athletes who sustained two or
more concussions, and required the study to combine the results on two different computerized
neurocognitive test batteries that measure five different cognitive domains.
Our study sheds light on the difficulty conducting research with pediatric athletes. We
attempted to recruit athletes from two different youth football associations that together have
over 4,000 participating athletes each year. Over two seasons of data collection, we were only
able to obtain complete pre- and post-season data on 31 athletes (or less than 1% of the potential
athletes!). Therefore, we must be cautious and be mindful of the fact that the parents and children
who did complete the computerized neurocognitive testing may have decided to participate
because they were concerned about their general health and wellbeing of their children. This
self-selection bias may have resulted in a sample of children whose physical and cognitive
fitness were above average as a result of highly involved parents. This may account for the lack
of reliable cognitive change by any athlete on even one CCAT cognitive performance measure.
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Further, the small sample size of pediatric athletes also did not allow us to fully conduct the
group difference analyses that we had hoped to investigate as there were few athletes who had
experienced 2+SRC or had a diagnosis of ADHD/LD. Although diagnostic practices are
improving, it is possible that some of the healthy athletes in this sample did in fact have ADHD,
but it had not been formally diagnosed yet. It is also likely that prior to the age of 10 few athletes
will ever have experienced two or more SRC. These are important issues that merit serious
consideration by future researchers who wish to conduct similar investigations.
A limitation specific to the ADHD analyses of our study is that we had to rely on the selfreport of the athletes and/or their parents to determine this diagnosis. Given the small number of
athletes we were able to include, it is unlikely that ADHD was over endorsed in our sample;
however, it is possible that it was under reported. Further, as already mentioned it is possible that
within our pediatric sample, some of the athletes who had not yet been diagnosed with ADHD
may still have had significant attentional difficulties. We also do not have data regarding ADHD
subtypes or the type of medication that an athlete may have been prescribed. Although athletes
were asked to take any prescribed medications prior to completing the computerized
neurocognitive testing, we cannot guarantee that this request was followed. This is another
important limitation, as reflected in a study by Littleton and colleagues who found that when
unmedicated, athletes with ADHD performed worse than the control group on a psychomotor
speed variable. When medicated, psychomotor performance did not differ between athletes and
individuals in the control group (Littleton et al., 2015). Therefore, documenting medication
status throughout the period of study is particularly important, as changes in baseline and postinjury medication consumption can dramatically affect interpretation of results.
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